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ROCHESTER, MINNESOTA 


N THE last year, Lemon reviewed the cases of tuberculous pleurisy 
with effusion that had been observed at The Mayo Clinie within 
the previous fifteen years. At the same time, he considered the diag- 
nostie value of the cytologic content of the effusions and, lacking ac- 
curate data in clinical cases, gave a preliminary report of an experi- 
mental investigation that had been started but was at that time 
incomplete. 

It appeared then that the cytologic response of the pleura might be 
considered as a reaction resulting from the introduction of an imsolu- 
ble foreign body rather than one having specific characteristics. It 
was recognized, however, that the reaction to living organisms was 
not as simple as that resulting from inorganic particulate matter. The 
former reaction might be altered because of the capabilities of bac- 
terial proliferation, which introduces variabilities in quantity of pro- 
tein, or it might be subject to changes due to alterations in virulence 
or to the capability of the living bacteria to alter the sensitivity of 
the tissues of the host. The inorganic irritant produces a relatively 
simple cellular response, the variations of which depend solely on its 
amount, and on the physical or chemical characteristics and the dura- 
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tion of the reaction. Inorganic irritants, because they are incapable 
of proliferation, seldom induce continuous irritation. 

Our present experimental study was designed to discover, if pos- 
sible, the cellular responses of the pleurae of normal animals to stand- 
ard doses of bacteria of equal virulence introduced by standard tech- 
nie and with time of reaction the only variable factor. 


EXPERIMENTAL PROCEDURE 


Rabbits were used in these experiments because the rabbit is the only 
one of the common experimental animals the mediastinum of which is 
comparable to that of man. In rabbits, unilateral pneumothorax can be 
maintained, and similarly, unilateral effusion can be induced. 

With minor variations the animals were all prepared in the same 
way, as follows: Into the right pleural cavities of healthy adult rab- 
bits were injected doses of 3 ¢.c. of a suspension, in physiologic solu- 
tion of sodium chloride, of bacilli of bovine tuberculosis from a young 
culture of virulent organisms. This suspension was of a density com- 
parable to the third tube of MeFarlane’s nephelometer. 

For purposes of observation the animals were killed after one, one 
and a half, six, twelve, and twenty-four hours, and at daily intervals 
for a period of five days. After the fifth day, the animals were killed 
at longer intervals within a period of twelve weeks. At necropsy the 
thoracic cavities were opened separately; care was taken to prevent 
the entrance of blood into the pleural spaces. If free fluid was pres- 
ent in sufficient amounts, total cell counts were made, and in all in- 
stances smears were made from the pleura to determine the relative 
numbers of the different types of cells, and for bacteriologic examina- 
tion. Wright’s blood stain was used for the differential counts, and 
the Ziehl-Neelsen stain for the bacteriologic examination. It was 
found necessary to alter the technic in using Wright’s stain, for that 
usually employed caused overstaining of the cells. 

The estimations of the total number of cells in the pleural fluids 
were made by means of slight variations in the usual technic for esti- 
mation of the number of leucocytes in the circulating blood. The 
variations were made to accommodate the physical characteristics and 
cellular content of the fluid. 


QUANTITY AND CELLULAR CHARACTERISTICS OF PLEURAL FLUID 


Experiments of From One to One and a Half Hours’ Duration—The 
right pleural cavity contained an amount of fluid equal to that in- 
jected. The left pleural cavity contained only a small amount of fluid, 
the presence of which was presumed to be the result either of filtration 
through the mediastinum or of sympathetic irritation caused by intro- 
duction of the bacterial suspension on the right side. In no ease did 











MONTGOMERY 


AND LEMON: 


CELLULAR REA 


CTION OF PLEURA 431 


the data obtained by examination of these fluids suggest that there 
was any direct communication between the two pleural spaces (Tables 
I and II). 


TABLE [ 


SUMMARY OF FINDINGS at NECROPSY OF RABBITS USED IN THE EXPERIMENTS 








CAUSE 




















RABBIT| PERIOD OF pc belotaen 
DEATH RIGHT LEFT 
1 hour | Killed |3 ¢.c. serosanguineous 0.2 ¢.e. clear 
2 14 hours] Killed | 3 e.e. clear 0.2 ce. clear 
3 6 hours | Killed | 4 e.c. clear 0.3 ¢.c. opalescent 
4 12 hours | Killed | 0.3 ¢.c. serosanguineous Trace serosanguineous 
5 24 hours | Killed | 0.2 ¢.e. serosanguineous 0.1 ¢.c. serosanguineous 
6 | 48 hours | Killed | Dry Dry 
7 2 days | Killed | Much serosanguineous None 
8 3 days | Killed | Fibrinous serosanguineous | 0.2 ¢.c. clear 
9 3 days | Died None None 
10 4 days | Killed | None None 
11 4 days | Killed | None None 
12 5 days | Killed | None None 
13 6 days | Killed | 0.3 ¢.c. clear None 
14 7 days | Killed | Trace serosanguineous 0.2 ¢.e. clear 
15 9 days | Killed | 10-15 ¢.c. opalescent 0.5 e.c. opalescent 
16 10 days | Killed | 2-3 e.e. clear 0.5 ¢.e. clear 
17 14 days | Died 4-5 ¢.c. opalescent 1-2 ¢.e. opalescent 
18 | 18 days | Died | Several e.e. Several c.c. 
19 27 days | Died 135 e.e. clear 2-3 ¢.c. clear 
20 30 days | Killed | 10-15 ¢.c. clear-opalescent | 1-2 ¢.c. clear-opalescent 
21 31 days | Died Massive serosanguineous 2-3 ¢.c. serosanguineous 
22 32 days | Killed | Massive serosanguineous 2-3 ¢.e. serosanguineous 
23 34 days | Died Massive serosanguineous 2-3 @.c. serosanguineous 
24 | 34 days | Died Massive serosanguineous 2-3 ¢.c. serosanguineous 
25 82 days | Died 0.5 ¢.e. clear Pus 





TABLE II 





ToTAL AND DIFFERENTIAL LEUCOCYTE COUNTS OF THE INTRAPLEURAL_ FLUID OF 
RABBITS FOLLOWING INJECTION OF BOVINE ORGANISMS OF TUBERCULOSIS 
INTO THE RIGHT PLEURAL CAVITY 












































RIGHT PLEURAL CAVITY | LEFT PLEURAL CAVITY 
DIFFERENTIALS, | DIFFERENTIALS, 
PER CENT | PER CENT 
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7,800 12 78 10 0 3,650 1 91 8 0 1 hour 

1,225 24 48 28 0 575 0 55 45 0 {14 hours 
30,400 90 3 7 0 22,200 86 11 3 0 6 hours 
67,000 | 89 2 9 0 37,100 86 9 4 1 /|12 hours 
22,000 70 3 27 0 17,750 38 25 37 0 |24 hours 
No fluid} 29 44 27 0 No fluid 9 75 16 0 |48 hours 
No fluid} 42 49 9 0 27,700 81 1 18 0 3 days 
No fluid} 26 39 35 0 No fluid| 10 26 64 0 4 days 
No fluid} 15 19 66 0 No fluid 1 19 80 0 5 days 
No fluid} 2 59 39 0 | No fluid 1 49 50 0 7 days 

9,500 32 27 41 0 1,880 1 68 i 31 0 |10 days 
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Approximately 3,000 cells per cubic millimeter were found in these 
fluids. A differential count showed nearly all of the cells to be of the 
mononuclear series, of which lymphocytes predominated. It was ap- 
parent that the fluid examined was the suspension medium that had 
been introduced, and that the cells were those which investigations 
now in progress lead us to believe are normally found in the pleural sae. 

Experiments of Six Hours’ Duration.—By the sixth hour, the amount 
of fluid in the right pleural space had increased to slightly more than 
the amount injected, and there was also a slight increase in the amount 
of fluid in the left pleural space. In each cubic millimeter of the ef- 
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Fig. 1.—Changes in relative numbers of the different types of cells of the pleural 
effusions found in the experiments of short duration, with a comparison with similar 
cells on estimation in experiments of longer duration. 


fusion in both spaces, the total number of cells was increased; the 
right to 30,400 and the left to 22,200. 

The increase in number of cells was largely the result of the pres- 
ence of a large number of polymorphonuclear leucocytes which repre- 
sented approximately 90 per cent of the total on the right side and 86 
per cent on the left (Fig. 1). Calculations based on the total cell 
counts show that there is also an increase in the numbers of the other 
varieties of cells in the exudate. This will be seen graphically repre- 
sented in Fig. 2. Unfortunately, total cell counts could not always be 
made because of the small amount of fluid found in some of the ani- 
mals, yet the evidence seems conclusive that the mononuclear elements 
begin to increase in numbers at the same time as the neutrophiles. 
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However, the mononuclear cells appear in smaller numbers and in- 
erease more slowly. This type of reaction is similar to that observed 
by Higgins and Lemon in their study of the effects of various particu- 
late materials when injected into the pleural spaces. 

Experiments of Twelve Hours’ Duration.—The fluid had markedly 
diminished on both sides and the cell count had reached its maximum of 
67,000 on the right and 37,100 on the left. The differential count was 
essentially unchanged (Table I), and there was no significant differ- 
ence between the findings on the two sides except for the presence of 
the phagocytosed bacilli of tuberculosis on the right side, and their 
absence on the left. 
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Experiments of Twenty-four Hours’ Duration—At the end of the 
first day, the pleural fluid was almost completely absorbed and the 
total cell count showed that the cellular constituents of the fluid were 
decreasing in numbers; on the right from 67,000 to 22,000 per cubic 
millimeter and on the left from 37,100 to 17,750. The differential cell 
count revealed marked decrease in the numbers of polymorphonuclear 
leucocytes, on the right from 90 to 70 per cent and on the left from 
86 to 38 per cent. 

At this time, the mononuclear phagocyte known as a clasmatocyte 
was the most conspicuous feature of the cytologic picture. These cells 
were vacuolated and especially striking because of the large amount 
of phagocytosed material which they contained. In the fluid of the 
right side they represented about 27 per cent of all cells, and in that 
of the left side, 37 per cent. 
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Experiments of Forty-eight Howrs’ Duration—The fluid had de- 
creased to such an extent that a total cell count could not be made, and 
satisfactory smears were obtained only by washing the pleural sur- 
faces with a small amount of physiologic saline solution. The poly- 
morphonuclear leucocytes progressively decreased to 29 per cent on 
the right side and to 9 per cent on the left, and the predominating 
cell on both sides was now the lymphocyte, representing, on the right 
44 per cent, and on the left 75 per cent of the cells. The monocytic 
varieties of cells were represented by 27 per cent on the right side and 
16 per cent on the left. 

Experiments of Three Days’ Duration—In the right pleural space in- 
sufficient fluid was found to allow a total count to be made, but a dif- 
ferential count was obtained. On the left side, 0.2 or 0.3 ¢.c. of fluid 
was found, in each cubic millimeter of which there were 27,700 cells. 
There was a striking dissimilarity between the differential cell counts 
of the two sides. On the right side there were 42 per cent neutrophiles 
and 49 per cent lymphocytes, and on the left, 80 per cent neutrophiles 
and 1 per cent lymphocytes. There seems reason to believe that this 
animal represented an exception to the general rule. 

Experiments of From Four to Seven Days’ Duration.—No essential 
changes had taken place in the four days that had elapsed since the 
last experiments (Table I). The fluid content of both pleural cavities 
was too small to permit estimation of the total cell count. The dif- 
ferential counts disclosed that the neutrophiles had almost completely 
disappeared, and that in general, there was a slight preponderance of 
the large mononuclear elements, including both clasmatocytes and 
blood monocytes, in excess of the lymphocytes. 

Experiments of From Nine to Eighteen Days’ Duration—Small to 
moderate amounts of fluid were found, but a total cell count revealed 
that cellular elements were decreasing. In a count taken on the tenth 
day after injection, the total number of cells per cubie millimeter was 
9,500 on the right, and 1,880 on the left, which is roughly what was 
found during the first hour of the experiment. The differential cell 
count also bore a striking similarity to that of the first hour, with 
relatively small numbers of neutrophiles and relatively large numbers 
of cells of the mononuclear series, especially lymphocytes. 

Experiments of From Eighteen to Thirty-four Days’ Duration—All 
animals which died or were killed during this interval were found to 
have large effusions on the right side, with definite, although less 
marked effusions on the left. Table I will reveal how constant this 
finding was. In other material, of which no report is given here, the 
same observations obtained. 

Total cell counts usually were not obtained because of the coagu- 
lating properties of the fluid, but in the isolated observations which 
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were made, the counts varied from 1,000 to 15,000. On the other hand, 
a striking similarity was found among the animals when differential 
cell counts were made from these ‘‘chroniec effusions.’’ In one group 
of five rabbits, for instance, the average percentage of various cells on 
the right side were as follows: neutrophiles, 6.8 + 0.3; lymphocytes 
70.0 + 1.6, and mononuclears, 23.2 + 1.4. The corresponding percent- 
ages on the left side were: neutrophiles, 16.2 + 2.4; lymphocytes, 57.4 
+ 2.4, and mononuclears, 26.4 + 2.0. 

Experiments of Eighty-two Days’ Duration.—The last animal of this 
series was allowed to live for eighty-two days, when it died. Only a 
small amount of fluid was found on the right side, and the left side 
was the seat of acute, fibropurulent nontubereculous pleurisy. It is 
probable that the small amount of fiuid found on the right side was 
secondary to the inflammatory process on the left, and was not asso- 
ciated with original tuberculous infection. 


BACTERIOLOGIC EXAMINATION OF PLEURAL FLUID 

At the same time that the cellular reactions were being observed, 
smears were prepared from the pleural fluids, and special sections of 
the tissues were made. These were stained by the Ziehl-Neelsen 
method for the demonstration of acid-fast bacilli. In some eases tis- 
sues were cultured by the method of Corper, using Herrold’s egg-agar 
medium in an attempt to ascertain the fate of the organisms of tuber- 
culosis. 

During the first few minutes after the injection there were very few 
cells in the fluid which were able to phagocytose organisms, and the 
bacteria were found lying free in the fluid. By the sixth hour, how- 
ever, the polymorphonuclear leucocytes had arrived in such large 
numbers that no bacteria could be found which were not contained in 
the cytoplasm of the cells. The mononuclear cells which were present 
also took part in this phagocytosis, but the part they played during 
the first few hours was insignificant when compared with that of the 
neutrophiles. 

By the end of the first day, an increasing number of bacteria was 
found in the large mononuclear e¢ells, partly because these cells were 
more numerous and partly because the neutrophiles were disappear- 
ing and causing a relative increase in the mononuclear series. The so- 
called clasmatocyte was the most active phagocyte, but other cells of 
the mononuclear series also took part in the reaction and occasionally 
even a lymphocyte could be found containing organisms of tuberculosis. 

After the sixth hour’ there was a rapid decrease in the number of 
bacteria in the effusion. The belief that this decrease was, in all prob- 
ability, taking place from the beginning is borne out by the fact that 
within a few minutes of the introduction of the organisms of tubereu- 
losis into the pleural cavity, every tissue in the body contained viru- 
lent bacteria. 








436 THE JOURNAL OF THORACIC SURGERY 


COMMENT 


There is no doubt that the response of the pleura to both infective 
and noninfective particulate material is in the nature of a protective 
mechanism against both. The outpouring of fluid is a protection 
against irritation, and the outpouring of the cells is an attempt on the 
part of the body to remove the offending material. When inorganic 
irritants are introduced, the reactions are those of acute inflammation 
which subsides within a few days, whereas, when living bacteria are 
introduced, the inflammatory phenomena are less striking at first, but 
have indeterminate limitations and initiate reactions of great complex- 
ity, affected by immunity and allergic influences. Koch pointed out 
early in the history of experimental tuberculosis that infection alters 
the animal organism in such a way that it reacts toward a second in- 
fection by the same organism in a way different from its first response. 

During the first few hours of the experiments reported here, the 
cytologic response was typical of a nonspecific response to any irri- 
tant. Only small amounts of fluid appeared, but there was a marked 
outpouring of cells. The cells phagocytosed the bacteria and carried 
some of them, by way of the lymphatic channels, to all parts of the 
body. Other cells formed small masses of organizing exudate on the 
pleural surface, where, by the forty-eighth hour, a transformation was 
observed among the monocytic phagocytes, by which, during the suc- 
ceeding days, they were gradually altered into typical fibroblasts. 
During this period of organization the fluid was absorbed. Meanwhile, 
however, the animal was acquiring immunity to its invader, and by 
the ninth day fluid was again found in the pleural saes. It is interest- 
ing that Agawa, while studying the serologic reactions to experimental 
tuberculosis in rabbits, found that as a rule definite evidence of sensi- 
tivity developed in from ten to fourteen days after infection. 

Reaccumulation of fluid was the specific response of the body to re- 
infection. The cytologic response that resulted from reinfection oc- 
curred with an intensity dependent mainly on how many organisms of 
tuberculosis were liberated in the pleural space. In reporting a series 
of experiments Lemon has described work in which previously sensi- 
tized animals were given large exogenous reinfections. In addition to 
a massive effusion, a marked cytologic response occurred which was 
similar to that seen in nonimmune animals. If the reinfection were 
endogenous, as in the present experiments, the number of reinfecting 
organisms was naturally much smaller, and as a result the cytologic 
element of the reaction was less conspicuous. The neutrophiles pre- 
dominated at first; they soon disintegrated and largely disappeared, 
leaving the mononuclear cells to dominate the cytologic grouping, and 
of these the phagocytic histiocytes migrated into the lymphatic struc- 
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tures, or collected on the pleural surfaces where they formed tubercles. 
Thus, only the lymphocytes were left in the fluid. The fluid resulting 
from reinfection did not absorb as readily as that caused by the first 
infection, partly because there was more of it, partly because it was 
much richer in protein, but chiefly, in all probability, because it was 
continually reforming as small numbers of bacteria found their way 
into the pleural sae, either carried there in phagocytes, or as they fell 
from some ecaseating pleural tubercle. There is evidence that these 
large effusions will reabsorb under certain conditions, as was shown 
in the animal observed after eighty-two days. Here there was only a 
small amount of fluid although the animal was definitely tuberculous. 

The animal killed three days after infection seemed representative 
of the reactions that have been outlined. At this time, the fluid of the 
bacterial suspension had disappeared from the right pleural sae, and 
the cells obtained from washings from the pleural surface were 42 per 
cent polymorphonuclears, 49 per cent lymphocytes, and 9 per cent 
mononuclears. This in general represents what one might expect to 
find three days after infection, except that the polymorphonuclear 
leucocytes were slightly more numerous than usual. On the left, how- 
ever, free fluid was present, in which were found 27,700 cells per cubic 
millimeter. A differential count disclosed that 81 per cent of them 
were polymorphonuclear leucocytes, whereas only 1 per cent were 
lymphocytes and 18 per cent monocytes. It is of interest that acid- 
fast bacteria were found in the cells of the effusion on the left side, 
and this was the only time that acid-fast bacteria were observed on 
the left side during the experiments of short duration. The explana- 
tion suggested is that in some way bacteria had found their way into 
the left pleural space in sufficient numbers to produce a response simi- 
lar to that produced three days earlier on the right side by the arti- 
ficial exogenous infection. The slight increase in number of poly- 
morphonuclear leucocytes on the right side could be explained on the 
basis of sympathetic irritation or filtration through the mediastinum. 


SUMMARY 


Rabbits were given unilateral inoculations of a suspension of viru- 
lent bacilli of tuberculosis of bovine origin. The cytologic response 
was studied. The immediate response was neutrophilic, but within 
twenty-four hours the neutrophiles commenced to decrease in number, 
soon leaving the mononuclear elements in preponderance. For the 
first few days, the monocytic cells, including clasmatocytes and blood 
monocytes, were present in largest numbers, but in the effusions of 
longest standing lymphocytes were most numerous. The fluid which 
was injected into the pleural cavity was absorbed within twenty-four 
hours, but reaccumulation commenced about the ninth day, the fluid 
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increasing in quantity until the affected pleural sae was often filled. 
Reabsorption of the reaccumulated effusions could occur if the animal 
survived its tuberculous infection for a sufficient length of time. The 
number of animals which lived longer than a month made the date of 
reabsorption impossible to determine exactly. 


DISCUSSION 


DR. W. S. LEMON (RocuEstTER, MINN.).—I think that I said the right side was 
the one on which all injections had been made, and the left side received none. 











A METHOD OF MEASURING LUNG VOLUME IN DOGS*} 


Henry K. Beecuer, M.D., anp H. H. BrapsHaw, M.D. 
Boston, Mass. 


EASUREMENT of vital capacity has in the past given useful in- 

formation concerning physiologic and pathologie changes in the 
chest. The determination of vital capacity is, by its definition, limited 
to cooperative patients, and of course cannot be applied to patients 
critically ill or to experimental animals. Moreover, vital capacity 
measurement reflects the activity of the respiratory mechanism (in the 
actively cooperating subject), not his lung volume. However, lung 
volume measurements are important. Recent studies of pulmonary 
physiology in man have been aided by observing the effect of disease 
on lung volume. The present study was begun in an effort to adapt a 
method of lung volume measurement to an experimental animal. Re- 
cently Christie’ has developed a method of measuring lung volume in 
man, which is relatively simple and practicable. In the following work 
we have adapted his method to the measurement of subtidal pulmonary 
volume in dogs. Subtidal pulmonary air may be defined as the volume 
of air remaining in the lungs at the end of a normal, quiet expiration. 
This volume corresponds to the sum of the residual and supplemental 
air. The principle of Christie’s method has not been changéd. It was 
found necessary, however, to make considerable change in apparatus and 
procedure. 

The apparatus used consisted in a standard metabolism spirometert 
of early type, in which the soda-lime tank was placed outside the spirom- 
eter. The inside of the top was sealed off except for two ventilation 
tubes of 34” bore, and a small jet-opening which is used for adding 
oxygen and removing samples of gas. The bell of the spirometer was 
equipped with a writing pen. Each ventilation tube was connected with 
a Tissot valve. A soda-lime tank was placed in series with the ventila- 
tion tube carrying the expired air. Both ventilation tubes were brought 
together at a three-way stopcock which was connected with the dog by 
means of a tracheal cannula. A water pump was arranged so that it 
nage st Mea bo ee s i ee Association for Thoracic 

7From the Surgical Laboratory of the Massachusetts General Hospital and the De- 
partment of Physiology, School of Public Health, Harvard University. 

¢Warren Collins Co., Boston. 
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could be attached to the three-way stopcock after the dog was turned 
out of the system. A water-level gauge was placed in the side of the 
spirometer. (It is necessary to maintain the spirometer’s water seal at 
a constant level in order that the dead space of the spirometer may not 
vary.) The dead space of the system should be about 1100 ¢.c. This 
“an be measured by water displacement and checked by using an arti- 
ficial lung. (When an artificial lung is used, the calculations are made 
by solving for ‘‘d’’ in the equation given below.) The set-up will per- 
haps be made clearer by Fig. 1. 











Fig. 1. 


Sinee the writers know of no direct method of obtaining true alveolar 
air in animals, the latter portion of each expiration was collected by 
means of a box-valve type of automatic sampler. These samples will be 
referred to as ‘‘alveolar samples.’’ 

Samples of gas were drawn off in 50 ¢.c. gas tubes by means of a 
mereury sampling tube. The percentage of nitrogen present was deter- 
mined by means of a Haldane gas analysis apparatus with 10 ec. 
burette. (It is necessary to have a 5 ¢.e. calibration of the burette rather 
than the usual 3 ¢@c., in order that gases having high percentages of 
oxygen can be analyzed. ) 
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The procedures involved in the determination of the subtidal air in 
dogs were as follows: The animal was anesthetized with 0.33 gram 
sodium barbital per kilogram of body weight, dissolved in 50 e.c. of 
warm sterile saline, and injected intraperitoneally. About thirty minutes 
were required for anesthetization, after which a tracheotomy was per- 
formed. This changed the animal’s dead space unless it was maintained 
by means of a glass tube attached to the tracheal cannula which had been 
inserted. The spirometer system was flushed out thirty times with room 
air; the bell was lowered to its lowest point and the level of the writing 
pen read on an adjacent scale and recorded. The writing pen was placed 
against a kymograph. The three-way stopcock was turned so that 
the spirometer system was disconnected from the room air. A sample 
of ‘‘alveolar’’ gas was then obtained and analyzed. The tracheal can- 
nula was connected with the three-way stopcock. The dog breathed 
room air for ten minutes, until he became adjusted to the new condition. 
Sufficient oxygen was added to the spirometer to give approximately a 
35 per cent mixture after the dog had been turned into the spirometer. 
Then, suddenly, at the end of a normal expiration, the three-way stop- 
cock was turned and the animal breathed into the spirometer, its lungs 
becoming part of a closed system. The dog breathed into the closed 
system for twenty minutes, during which time oxygen was added at the 
rate at which it was consumed. At the end of the twenty-minute period, 
the dog was suddenly turned out of the system at the end of a normal 
expiration. The temperature of both the dog and the gas in the spirom- 
eter were read in order that temperature correction could be made 
later. When the temperature of the gas in the spirometer had returned 
to that of the room, the level of the writing pen was again observed 
and recorded. The difference between this level and the earlier reading 
represented the quantity of oxygen added which had not been absorbed 
by the dog. The soda-lime had absorbed the carbon dioxide excreted. 
The water pump was attached to the three-way stopcock and the gas 
in the system thoroughly mixed. Samples of gas were drawn off in the 
sampling tubes and analyzed for their nitrogen content. 

Calculations were made as follows: Since a closed system was dealt 
with, the quantity of nitrogen present at the start of the determination 
was unchanged at the end. Before starting the determination, the spirom- 
eter dead space was thoroughly washed out with room air which con- 
tained 79.1 per cent nitrogen. The terms involved may be abbreviated: 
= quantity of oxygen added less that consumed. 
= dead space of the system. 
= alveolar nitrogen percentage before spirometer run. 
spirometer nitrogen percentage at end of run. 


volume of air contained in lungs at the instant the closed system was estab- 
lished. 


AWS dan 
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d (79.1) 
100 

x (v) 

“100 

y (a+d+x) 

100 

d (79.1) 

100 








100 


x (0) 


(a+d) y - 79.1d 
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= quantity of nitrogen in the dead space of spirometer at start. 
= quantity of nitrogen in iungs xt start. 


= quantity of nitrogen in system at end of run, then 


y (a+d+x) 


and 





Corrections were made for the difference in temperature between the 
animals’ lungs and the spirometer, and also for the fraction of a per 
cent of nitrogen which may be present in the ‘‘pure’’ oxygen added. 

Possible sources of error, besides those of technic, were found to be 
due to changes in the dog’s position or to extreme variation in the type 


and rate of respiration. 


(Within reasonable limits these have little 


effect. ) 
PROTOCOL 
Dog No. 39. Weight = 26.5 kilograms. 
August 24, 1932. 
Temperature dog: 9:50 a.m. — 40.6° C, 
10:50 A.M. — 40.6° C. 
11:50 a.m. — 41.0° C. 
1:50 p.m. — 42.0° C. 
3:00 P.M. — 42.2° C. 
4:40 p.m. -— 42.7° C, 
Temperature gas: 9:38 A.M.-— 28.0° C. 
2:30 p.m. — 30.0° C. 


8:30 A.M. — 

9:20 A.M. — 

9:30 A.M. — 

9:38 AM. —-— 9 

10:35 a.M. — 11:00 a.m. 
11:20 a.m. — 11:43 a.m. 


1:50 P.M. — 


358 A.M. 


233: P.M. 
3:32 P.M. 


Sodium barbital, 0.33 gm. per kilo, injected intraper- 
itoneally. 


Tracheotomy. 


‘* Alveolar’? sample taken; showed 81:63 per cent 
nitrogen. 

(1) Breathing into spirometer, respiratory rate 16. 

(II) a f é oe cs “é 8, 

(I I T) “é cc “ec ce “ec /e 

‘*Alveolar’’ sample taken; showed 80.81 per cent 
nitrogen. 

(IV) Breathing into spirometer, respiratory rate 66. 

(V) ce oe “é 6é 6é 112. 


For these five determinations the factors were: 


2:13 P.M. -— 2 
3:12 P.M. — 

I II 
a 1056 1056 
d 1100 1100 
V 81.63 81.63 
y 52.38 52.45 
x 886 894 


The method was used successfully with twenty-six dogs. 


III IV V Temperature correction applied: 
1014 1076 1087 I 924 
1100 1100 1100 II 932 
81.63 80.81 80.81 III 853 
52.27 51.90 51.58 IV 933 
818 897 882 Vv 924 
RESULTS 


When the 


technie just outlined was followed, results checked better than 10 per 
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cent. As a rule, the variation was about 5 per cent. Data on 5 succes- 
sive dogs in which the method was used are given here. 

The data obtained from these five dogs were typical of that obtained 
from the other animals in the series of twenty-six. 








HOURS AFTER SUBTIDAL Y% VARIATION FROM 
































Bos ANESTHETIZATION AIR AVERAGE 
1 1112 e.e. 3.8 
2 1211 4.8 
132 3 1168 1.0 
5% 1123 2.8 
61% 1165 0.8 
2 1152—tt*”*” : 0.0 — 
234 213 1147 0.3 
4 1143 0.7 
6 1163 1.0 
: 2 ~ 992 — == eG iis 
335 3 987 3.0 
5 1039 A 
7 1053 3.4 
1 1760 ‘5 20t~* 
436 4 1832 0.5 
61% 1935 5.0 
i, ~ 886 ee ar 
1% 894 22 
539 2 818 6.5 
5 897 2.5 
7 882 0.8 
CONCLUSION 


Christie’s method for determining subtidal air in man has been 
applied to the measurement of lung volume in dogs. The accuracy of 
the method in dogs is as great as in man—hbetter than 10 per cent. This 
method applied to dogs should be of considerable use in the experimental 
study of many problems of pulmonary physiology. 
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EFFECT OF LAPAROTOMY AND ABDOMINAL DISTENTION 
ON LUNG VOLUME*t 


Henry K. BeecHer, M.D., H. H. Brapsuaw, M.D., 
AND G. LinpsKkoe, M.D.t 
Boston, Mass. 


SecTION 1. THE EFrrect oF OPENING THE PERITONEUM ON LUNG 
VOLUME IN Docs 


HE high diaphragm which follows laparotomy has been considered 

one of the possible causes of postoperative pulmonary complica- 
tions; yet, whether it is cause or effect is still undetermined. Various 
attempts have been made to find the cause of this rise of the diaphragm. 
Suggested explanations are numerous. <A particularly persistent one 
has grown out of the observation that the intraperitoneal pressure is 
negative. The reasoning is as follows: When the peritoneum is 
opened, the subdiaphragmatie pressure tends to rise to the atmospheric 
level and thus allows the diaphragm to retract into the thorax. This 
explanation has not been borne out by the facts observed during the 
course of the following experiments. 

Several facts have been well established in the literature. There is 
normally a subatmospherie pressure within the peritoneal cavity. 
Keppich' showed that in normal persons this pressure swings between 
—0.5 and —3.4 em. water. Wagoner,’ in a study of the intraperitoneal 
pressure in living and dead animals and in cadavers, shows that a 
negative intraabdominal pressure exists before birth, is present dur- 
ing life, and persists after death. He examined 100 dogs and found 
the intraabdominal pressure to vary from an average maximum of 
—2.0 em. water to an average minimum of -4.4 em. The intraabdomi- 
nal pressures in the region of the epigastrium were negative, whether 
the animals were supine, prone, or vertical. The vertical position pro- 
duced the greatest degree of negative pressure. Wagoner also showed 
that a real change in pressure follows the opening of the peritoneum: 
He studied 10 dogs before and after operation. The intraabdominal 
pressure varied with inspiration and expiration. The average for each 
phase of the respiratory cycle was expressed as the numerator and 
denominator respectively of a fraction. Values he found were as fol- 


*Read at the Sixteenth _— Meeting of the American Association for Thoracic 
Surgery at Washington, D. C., May 9, 10, “At, 3. 

*From the Surgical Laboratory of the Massachusetts General Hospital and the De- 
partment of Physiology, School of Public Health, Harvard University. 

tFellow of the National Research Council. 
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P ; , ‘ +14 
lows: Before operation, m.m.; immediately after operation, —; 


40 i 6 
m.m.; six hours after, + 0; twelve hours after jg mms the preopera- 
, —2 ; . 
tive level of - m.m. was reached only twenty-four to thirty-six 


40 
hours after operation. 


Another widely recognized fact is that the diaphragm rises to a 
new high level after laparotomy. So far as we know there is nothing 
in the literature to show that the postoperative rise of the diaphragm 
occurs immediately after opening the peritoneum, as might be ex- 
pected if its rise were due to increase in subdiaphragmatie pressure. 
Recorded data show studies made twenty-four hours or more after 
laparotomy. Typical are those of Muller et al.* in which they showed 
in 15 cases that twenty-four hours after upper abdominal operations, 
the vertex of the right half of the diaphragm had risen an average of 
4.8 em., and the left half 3.5 em. 

If the high diaphragm is a consequence of the rise in the subdiaphrag- 
matic pressure, this should ‘be appreciable soon after opening the peri- 
toneum, in which case the lung volume should be less after opening 
the abdomen than it was before. This was tested using dogs as subjects. 

Method.—Ten dogs were studied. Five were subjected to laparotomy 
and five were used as controls. In the following respects all dogs 
were treated alike. Each was anesthetized with 0.33 gram sodium 
barbital per kilogram of body weight. This was dissolved in 50 e.e. 
sterile normal saline and injected intraperitoneally. A tracheotomy 
was performed and a tracheal cannula inserted. The following data 
were obtained: lung volume,* after the method of Beecher and Brad- 
shaw, respiratory rate, tidal volume, and minute volume. 

The constancy of the midposition of the tidal excursions during the 
pressure changes was checked in the case of each subject undergoing 
laparotomy. This was done by connecting the animals with a spirom- 
eter through the tracheotomy tube some minutes before the peritoneum 
was opened. A normal base-line tracing was established; then the 
peritoneum was opened, and the tracing continued. 

All of the studies described above were made from the second to 
the third hour after the dogs were anesthetized. 

In the control dogs the average variation of the subtidal volume de- 
termination was 3.6 per cent; the variation over the hour interval 3.7 
per cent. In the dogs undergoing laparotomy, the average variation 
of the determinations was 2.5 per cent; the variation over the hour 
interval following laparotomy 3.7 per cent. No change in lung vol- 
ume was observed. 





*See preceding article. The volume utilized in these experiments was the subtidal, 
Le, the volume of air remaining in the lungs at the end of a normal expiration. 
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No shift in the midposition was produced by opening the peritoneum. 
This was indicated by the constancy of the base-line of the spirometer 
tracings before and after the laparotomy. 

No regular changes were produced in respiratory rate, tidal volume, 
or minute volume by opening the peritoneum. However, following 
laparotomy the respiration seemed to be of less stable character; i.e., 
the percentage variation of the factors studied was much greater in 
the dogs which underwent operation than it was over a corresponding 
length of time in the control dogs. 


TABLE [ 


(CONTROL Dogs) 





























*TI PN | “TY ‘ Tan 
ae, | AVERAGE | VARIA- pining AVERAGE | VARIA- prncing 

DOG | ,prer ANES- | SUBTIDAL | TION OF Preeseniisesi SUBTIDAL TION - TIDAL 
| THETIZED | — | CHECKS | THETIZED _— CHECKS | VvoLUME 

32 | 1211 ee. | 1161 ec. | 8.5% 1168 cc. | 1144 ee. | 3.9% 1.5% 
1} 1112 ee. | | | 1123 e.e. decrease 

34 1152 ¢.¢. 1150 ec. | 0.4% | 1148 ee. 1158 ¢.e. 1.7% 0.3% 
| 1147 ee. | | 1163 ¢.c. | inerease 

35 | 992 ae. | 990 ee. | 0.5% | 1039 ee. | 1046 ec. | 13% 5.7% 
| 987 ec. | 1053 ¢.e. increase 

36 1760 cc. | 1698 ce. | 6.9% 1832 ce. | 1884 ec. | 5.5% | 98% 
1636 @e. | | 1935 @e. | | increase 

39 | 894 ce. 856 cc. | 8.9% | 897 ee. | 890 ce. | 17% | 4.0% 
|} 818 ec. | | |} 882 ee. | | increase 





Average variation of checks, 3.69%; average change over the hour interval, 3.7%. 


TABLE II 
Dogs SUBJECTED TO LAPAROTOMY 


























| BEFORE ABDOMEN OPENED | AFTER ABDOMEN OPENED sm 
pog | SUB- AVERAGE —-VARIA- | SUBTIDAL VOLUME | AVERAGE —VARIA- | qypat, 
| ‘TIDAL SUB- TION OF| 4 HR. 1 HR, |SUBTIDAL TION OF| yor. 
| VOLUME TIDAL VOL. CHECKS| AFTER | AFTER VOL. 2 DETERS.) oHANGE 
33 | 1171 @e. 1129 @e. 7.4% |1037 ¢.c.|1041 ¢.e. |1039 e.e. 0.4% | 8.0% 
1087 «ee. decrease 
37 | 1786 ¢@.c. 1831 @e. 4.9% |1853 ¢@.e.|1881 ¢.e. |1867 ee. 15% | 2.0% 
1876 ee. increase 
38 | 1151 ee. 1134 ee. 3.0% |1076 ¢.e.|1113 ¢.e. |1094 ee. 3.4% | 3.5% 
| 1117 ce. | decrease 
40 | 699 ee. 7038 ee. 1.3% | 673 ¢.c.| 688 @e.| 680 ee. 2.2% | 3.3% 
| 708 ee, decrease 
42 | 1128 ec. 1132 @e. 0.7% {11381 ec. {1127 c.c. {1129 e.c. 0.4% 0.3% 
| 1136 ee. | | decrease 











Average variation of checks; 2.5%; average variation after laparotomy, 3.7%. 


DISCUSSION 


It is evident from the data in Tables I and II that no change oe- 
eurred in the lung volume within an hour after the abdomen was 
opened. The rise in the subdiaphragmatie pressure following laparot- 
omy is not adequate to produce any significant change in lung volume. 
It was shown by Wagoner (loe. cit.) that the subdiaphragmatie pres- 
sure in dogs is at its highest immediately after operation and then 
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decreases to its original low level within twenty-four to thirty-six 
hours following the laparotomy. It was shown by Beecher‘ that the 
subtidal volume does decrease after operation but that this decrease is 
fairly gradual, being greatest on the fourth day after operation, when 
presumably the subdiaphragmatie pressure has returned to normal. 


CONCLUSION 


Opening the peritoneal cavity does not produce any change in lung 
volume over the period studied in these experiments. 


Section 2. THE Errect oF PNEUMOPERITONEUM ON LUNG 
VOLUME IN Docs 


It was shown in the preceding experiments that opening the peri- 
toneal cavity, with a resultant shift in the intraperitoneal pressure 
to atmospheric level, does not of itself cause an immediate change in 
lung volume. The following experiments were designed to record the 
effect on lung volume of an intraperitoneal pressure higher than at- 
mospheric level. An analogous state is found clinically in the post- 
operative abdominal distention accompanying ileus or obstruction. 

Coombs? in 1922, in anesthetized and decerebrated eats, injected 10 
e.c. of Ringer’s solution per minute intraperitoneally, recording the 
resultant pressure changes. Failure of respiration normally appeared 
imminent when the hydrostatic pressure reached 25 to 40 em. 

Churchill and MeNeil® in 1927, studying the vital capacities of pa- 
tients following operation coneluded that among other important fac- 
tors reducing vital capacity, abdominal distention should be ineluded. 
Head,’ in a similar study, stated that alterations in the movement of 
any part of the thoracic cage affect most the lung which is immedi- 
ately subjacent. Efficient aeration of any part depends on the move- 
ment of the corresponding chest wall and diaphragm. Powers*® in 
1928 stated that abdominal distention and muscle spasm in general 
peritonitis reduce vital capacity. 

Owings et al.® in 1928 produced small intestinal obstruction in dogs 
and found the intraintestinal pressure to be greatly increased; high 
and low obstructions did not show great differences. Intraintestinal 
pressures during retching and straining reached more than 100 em. 
of water. The highest pressure produced by peristalsis was 70 em. of 
water with a sustained pressure of 16 to 18 em. of water between 
bowel contractions. They also demonstrated in these experiments that 
the intraabdominal and intraintestinal pressures were practically in- 
dependent. 

With these facts in mind dogs were subjected to either pneumoperi- 
toneum, intestinal distention, or gastric distention. 

Methods.—For inducing a pneumoperitoneum a spinal puncture 
needle with a side arm for the attachment of a mercury manometer, 
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was introduced into the peritoneal cavity and air injected very slowly 
until the desired pressure was reached. 

For distending various portions of the gastrointestinal tract the 
animal was subjected to laparotomy. The portion to be distended was 
doubly ligated above and below and a flanged glass tube tightly 
sutured into the segment so isolated. The glass tube was led out 
through the abdominal wall and connected to a mercury manometer 
and to the air line. Lung volume determinations were made as in the 
previous experiments. 

Procedure.—All animals were anesthetized by the intraperitoneal in- 
jection of 0.33 gm. of sodium barbital per kilo dissolved in 50 c.c. of 
normal saline. Tracheotomy was performed and two lung volume de- 
terminations were taken as controls. In the experiments in which a 
segment of gut was isolated another lung volume determination was 
made following the laparotomy and before the intestines were dis- 
tended. Air was then introduced very slowly, checking the pressures 
frequently until the desired level had been attained. Then two or 
three successive lung volume determinations were made. At the end 
of the experiment the pressures were reduced as completely as possible 
by evacuation of the air and further lung volume determinations were 
made. 

An attempt was made in introducing the air to bring about a degree 
of distention simulating the marked tympanites of peritonitis and 
intestinal obstruction. Pneumoperitoneum was induced in 7 dogs. A 
typical protocol is presented. 


Dog No. 5. Weight = 20.5 kilograms. 
January 11, 1933. 


8:55 A.M.— Sodium barbital, 0.33 gm. per kilo, injected intraperito- 
neally. 
9:40 A.M.— Tracheotomy. 


_ 
Oo 


:00 A.M.-10:15 a.m. Control lung volume determination 1677 c.c. 


11:47 A.M.-12:01 P.M. Control lung volume determination 1593 ¢.c. 

1:35 p.M.— 2:08 p.m. Pneumoperitoneum + 2 em. mercury. 

2:09 p.M.— 2:24 p.m. Lung volume determination 1093 c.c. 

2:25 P.M.— Intraperitoneal pressure + 1.5 em. mercury. 

3:48 p.M.— 4:01 p.m. Lung volume determination 1360 c.c. 

5:10 p.m.- 5:26 p.m. Lung volume determination 1301 c¢.c. 

5:28 P.M.— Intraperitoneal pressure + 1 cm. mercury. 

6:03 P.M.— Pneumoperitoneum completely removed by aspiration. 


3:21 p.M.— 6:35 P.M. Lung volume determination 1529 c.c. 
Animal in excellent condition when killed at termination 
of experiment. 


The intestines were distended in one dog. The protocol follows: 


Dog No. 7. Weight = 22.2 kilograms. 
January 13, 1933. 











10: 
10: 
i: 


oR &W & LD 


:30 
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A.M.— 
A.M.— 

A.M.-10:36 
A.M.-11:52 
P.M.— 

P.M.— 2:47 
P.M.— 

P.M.— 3:49 
P.M.— 5:15 
P.M.— 5:35 


A.M. 


P.M. 


P.M. 
P.M. 


5 P.M. 


Sodium barbital, 0.33 gm. per kilo, injected intraperito- 
neally. 

Tracheotomy. 

Control lung volume determination 985 c¢.e. 

Control lung volume determination 996 e.e. 

Abdomen opened and flanged glass tube passed through 
anus to rectosigmoid and triply ligated. 

Operation completed. 

Lung volume determination 956 c.e. 

Intestines distended + 11 em. mereury. 

Lung volume determination 767 c.c. 

Intestines deflated. 

Lung volume determination 1054 e.e. 

Animal in excellent condition when killed at termination 
of experiment. 


The stomach was distended in two dogs as in the following protocol : 


Dog No. 10. 
January 20, 1933. 


9 


11 
11 


es) 


to be 


aQ ew 


:10 


:00 
ral bs 


A.M.— 


A.M.— 


A.M.—-11:22 


P.M.— 3:25 
:28 P.M.— 4:40 P.M. 
:01 P.M.— 6:12 


Weight = 19.5 kilograms. 


5 P.M. 
P.M.— 2:45 
P.M.— 3:04 
P.M.— 3:15 


A.M. 


P.M. 
P.M. 
P.M. 
P.M. 


P.M. 


Sodium barbital, 0.33 gm. per kilo, injected intraperito- 
neally. 

Tracheotomy. 

Control lung volume determination 1272 c.e. 

Abdomen opened and heavy ligature tied around cardiac 
end of the stomach. Flanged glass tube sewed into 
stomach. Ligature tied around upper jejunum. 

Operation completed. 

Lung volume determination 1182 c¢.e. 

Stomach distended + 5 em. mercury. 

Lung volume determination 846 c.c. 

Deflation of stomach. 

Lung volume determination 1055 e.c. 

Lung volume determination 1051 c.e. 

Animal in excellent condition when killed at termination 
of experiment. 


Table I shows the results of these experiments: 


TABLE I 








SUBTIDAL VOLUME 














ican BEFORE INFLATION AFTER INFLATION senenntiatiaiasinaiiaaes 

Pneumoperitoneum 

I 535 «ce. 579 e.e. 387 e¢.¢. 30 

4 1415 ee. 1303 e.e. 1057 e@.e. : 22 

5 1677 ¢.c. 1593 e@.e. 1093 e@.e. 33 

9 515 ee. 566 ¢@.e. 428 ec. 21 
Intestinal Distention 

t 985 e@.e. 996 e.e. 768 e.e. 23 

Gastric Distention 
8 1248 ee. 1267 e.e. 986 e.e. 20 
10 1272 ec. 1182 c.e. 846 @.e. 31 
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DISCUSSION 


It should be kept in mind that these reductions in lung volume have 
occurred acutely in healthy, anesthetized dogs that have been sub- 
jected only to tracheotomy and slight intraabdominal manipulation. 
It is possible that a proportionately greater decrease in lung volume 
may occur in patients who have been weakened by a prolonged illness 
and subjected to a rather more extensive operative procedure. Again, 
slowly developing distention may well have a greater effect than dis- 
tention produced rapidly during a few hours by the experimental 
method employed. 

The pressures used in these animals were within the ranges that 
have been recorded in animals and in human beings (Wagoner’’). No 
attempt has been made to correlate degrees of pressure with corre- 
sponding lung volume changes but rather to show the trend of lung 
volume change in the presence of rather marked abdominal distention. 


CONCLUSIONS 

1. Acute abdominal distention causes an immediate decrease in lung 
volume in the dog. 

2. Distention either within the intestine or within the peritoneal 
cavity produces similar effects on lung volume. However, greater 
pressure is required in the intestine to produce the same decrease in 
lung volume. 
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DISCUSSION OF ‘‘A METHOD OF MEASURING LUNG VOLUME IN DOGS’’ BY DR. 
BEECHER AND DR. BRADSHAW, AND OF ‘‘EFFECT OF LAPAROTOMY AND 
ABDOMINAL DISTENTION ON LUNG VOLUME’’ BY DR. BEECHER, 

DR. BRADSHAW AND DR. LINDSKOG 


DR. EDWARD B. CHURCHILL (Boston).—The use of this method is opening 
up a great many possibilities for experimental study of lung volume which have 
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hitherto been impossible, or have been able to be carried on only in cooperative 
human patients. This particular presentation of Dr. Bradshaw’s is only one phase 
of the work he and Dr. Beecher and Dr. Lindskog have been carrying on with the 
use of this adaptation of the Christie method. The findings are so definite and 
yet are so at variance with papers presented at previous sessions of the Society that 
we chose this particular aspect of the matter to bring before you. 


DR. C. M. VAN ALLEN (PerPine, CuINA).—I have had the advantage of visit- 
ing the laboratory where this work was done and of seeing some of the experiments, 
and I was much impressed with the great accuracy and dependability of the lung 
volume measurements. The authors are to be congratulated upon the cleverness 
with which they have adapted the method to the experimental study of the causation 
of postoperative pulmonary changes. They found that some forms of abdominal 
distention produced reduction in lung volume, much as some other investigators 
have found that abdominal distention is associated with elevation and fixation of 
the diaphragm, hypoventilation of the lungs and reduced vital capacity, especially 
in patients recovering from abdominal operations. But Dr. Bradshaw and his co- 
workers are careful not to conclude that the abdominal distention produced its effects 
by pushing upward the diaphragm, as some others have concluded. This seems 
proper, since some of the essayists’ dogs showed very pronounced reductions in 
lung volume when the distention involved a loop of intestine well away from the 
diaphragm and caused no appreciable increase in intraperitoneal pressure, so that 
the diaphragm could not have been pushed upward. The effect must have been 
produced by other, less obvious means, 

A clinical investigation just completed by Dr. T. S. Jung and me seems to in- 
dicate that the most important factor in the production of postoperative elevation 
of the diaphragm is trauma of some part of the gastrointestinal or biliary tract. 
Distention, pain of the abdominal wound, and tight dressings are much less potent 
factors. We found that patients recovering from operations on the stomach, bowel 
or gallbladder regularly showed marked elevation of the diaphragm, whereas those 
with abdominal operations not traumatizing the gastrointestinal and biliary tract 
(that is, outside the territory supplied by the vagus nerve), such as hysterectomy, 
oophorectomy, or exploratory laparotomy, displayed little or no diaphragmatic 
alteration. These data will be published in full. : 

Now, if I understand the experiments of Dr. Bradshaw and his associates 
rightly, the loops of intestine which they distended were distended much more 
tensely than occurs commonly in postoperative intestinal distention and sufficiently 
to constitute very appreciable intestinal trauma. If that is true, then in their dogs 
as well as in our patients, intestinal trauma, either with or without appreciable 
upward push of the diaphragm from abdominal distention, was followed by re- 
duction in the size of the lungs. ' It is possible that the gastrointestinal trauma 
set up impulses in the vagi running to the medulla and inhibiting the phrenic centers, 
thus causing the diaphragm to relax and rise. I have no proof of the validity of 
this hypothesis, since our material presented no data relating to the mechanism in- 
volved; but the method of Dr. Bradshaw might well be used to test the point. | 
understand that he and his associates will soon work on the question. I have pro- 
posed this hypothesis because a reflex mechanism of the type described is well 
known by physiologists to exist. When one vagus of an animal is divided in the 
neck and the central stump is stimulated artificially, the diaphragm is inhibited, re- 
laxes and rises, thereby reducing the size of the lungs. 


DR. RICHARD H. OVERHOLT (Boston).—During the past year I have made 
x-ray examinations of patients before and after abdominal operations in an effort 
to determine the time that the elevation in the diaphragm takes place. 








452 THE JOURNAL OF THORACIC SURGERY 


Four years ago I reported with Dr. Muller the constant finding of an elevated 
diaphragm fo]!owing abdominal operations, and have been trying to explain since 
that time why this postoperative elevation should so universally occur after laparot- 
omy. It seems that pain must be an important factor. In order to eliminate that, 
x-ray pictures were made with the patient under spinal anesthetic, the operation 
was carried out, and a second x-ray made before the patient came out of the spinal 
anesthetic, so that the pain factor could be eliminated. Much to my surprise, the 
position of the diaphragm was somewhat lower after the operation after the spinal 
anesthetic, so that all of this alteration in position of diaphragm cannot be ex- 
plained upon a pressure change with the entrance of air in the peritoneal cavity, 
changing the pressure from a subatmospheric one to a positive one. 

These clinical experiments were somewhat complicated by the fact that the 
patients had their abdominal muscles paralyzed so diaphragmatic activity would 
be thereby increased, and in some cases the action of the intercostal muscles was 
paralyzed in the lower part of the chest. This fact perhaps explains part of this 
rather paradoxical finding of a diaphragm in the same position or slightly lower 
after operation, and while the anesthetic was still effective. We found, however, 
that twenty-four hours later, with a return of the pain, there was a marked eleva- 
tion—two and one-half to three inches. 


DR. E. J. O’BRIEN (Derroir).—This is very interesting to me. I am trying 
to correlate it in my mind with some clinical observations that we occasionally see 
in patients under collapse therapy with complicating intestinal tuberculosis. These 
patients often have pain, cramps, and are sometimes markedly distended and 
dyspneic. Still, after a pneumoperitoneum is given, the pain subsides and dyspnea 
is relieved. I think this shows that pain is probably a factor in this reduction in 
lung volume and dyspnea. 

I should like to have Dr. Bradshaw express his opinion of this phenomenon. 


DR. H. H. BRADSHAW (Boston).—In answering Dr. Van Allen about the 
actual amount of air used, we did not measure the amount but measured the 
pressure. We did find that it took very much less air pressure in the peritoneal 
cavity to produce a decrease in lung volume than it did in the intestines. It took, 
approximately, 2 cm. of mercury to produce a 20 or 30 per cent decrease in 
lung volume when the air was injected into the peritoneal cavity. If the air was 
injected into a loop of intestines, it took somewhat greater pressures, averaging 
about 6 em. of mercury. I did not want to go into all the factors that may be 
involved, such as pain, and bronchoconstriction. These were experiments with which 
we were beginning work on lung volume, and we just wanted to establish the simple 
fact that pressure alone could reduce lung volume. These animals did not suffer 
pain, as they were anesthetized, so that could be eliminated as a factor. 

We have not as yet sufficient facts on the effects of laparotomy and of handling 
the intestines to say whether or not bronchoconstriction does occur. That factor 
is still entirely unknown so far as I know, but we have it in mind. 











PENETRATING WOUNDS OF THE CHEST*t 
With Strupies oN EXPERIMENTAL HEMOTHORAX 


J. Catvin Sanpison, M.D., anp Danteu C. Evxtin, M.D. 
ATLANTA, GA. 


N THE Surgical Division, Emory University, Grady City Hospi- 

tal, a large number of penetrating wounds of the chest are 
treated each year. Some of these develop hemothorax, some pneumo- 
thorax, and others hemopneumothorax. Diverse methods of treatment 
have been advocated for these conditions, and until recently the 
method adopted on this Service was rest in bed and frequent aspira- 
tions of any bloody fluid in the pleural cavity. This procedure is also 
routine in other clinics. Allen’ has recommended treatment by de- 
pendent drainage, that is, by requiring the patient to lie on the in- 
jured side with the wound in the most dependent position, thus allow- 
ing the pleural fluid to escape through it. We have found, however, 
that this method does not relieve the patient of his pain and dyspnea 
as do repeated aspirations. 

The objection that aspiration invites infection is not substantiated 
by the results obtained on this Service in the patients so treated, as 
only three out of the series of one hundred eases reviewed developed 
empyema. Two of these patients had bullet wounds, one being a 
large, dirty, air-sucking wound which required immediate thoracotomy 
with drainage; the other was associated with a purulent bullet wound 
infection of the elbow joint. None of the thirty-seven aspirated stab 
wound eases developed empyema. 

Even though not fearing to aspirate, we began to wonder if frequent 
withdrawal of the pleural bloody fluid was necessary other than to 
relieve the symptoms of dyspnea and painful respiration. Impressed 
with the fact that in our series of experiments on hemothorax in dogs 
bloody fluid and large blood clots were completely absorbed with a 
notable minimum of pleural adhesions, less frequent aspiration of the 
human cases was begun. The results seem to justify continuation of 
the present plan of treatment; namely, thoracentesis only for pain 
and dyspnea. 

EXPERIMENTAL HEMOTHORAX 


The result of injecting blood into serous cavities is an old study, 
but most of the interest has been centered upon absorption by way of 


7From the Whitehead Surgical Research Laboratory and the Department of Sur- 
gery, Emory University, Atlanta, Ga. 

*Read at the Sixteenth Annual Meeting of the American Association for Thoracic 
Surgery at Washington, D. C., May 9, 10, 11, 1933. 
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the peritoneum, with only brief mention of absorption from the pleural 
cavities. Von Recklinghausen, in 1862, injected defibrinated blood 
into the peritoneal cavity of an animal and noted that absorption be- 
gan in twenty minutes and that the pleural surface of the diaphragm 
became congested. Subsequent similar studies were made by Ponfick, 
Bizzozero, Golgi, Hayem, William Hunter, Vogel, Lesage, Starling and 
Tubby, and Siperstein and Sansby. In 1923 the latter two experi- 
menters? summarized the preceding work and compiled a complete 
bibliography on the subject. 

In the peritoneal cavity it has been found that blood, defibrinated 
or not, is rapidly and completely absorbed and that an intraperitoneal 
transfusion is equivalent to a slow intravenous one (Hayem). Over 
32 per cent of the total blood volume of an animal can be injected 
without ill effects (Hunter). Vogel opened this cavity of a rabbit, 
allowed a quantity of blood to flow into it from an artery, closed the 
incision, and at autopsy seven days later found no fluid or adhesions. 
In 1900, Lesage did autotransfusions of from 75 ¢.c. to 200 ¢.¢c. of blood 
and found absorption complete within forty-eight hours. He used 
twenty-one animals and discovered blood clots in nearly all of them. 
Siperstein and Sansby also found clots when they used whole blood, 
but using citrated blood in experiments on one hundred rabbits, they 
noted no peritonitis, clots, or adhesions. They also showed that a 
rabbit could absorb one-fifth of its own blood volume in four hours. 
They verified the work of Blackfan and Maxcy* who, in 1918, were the 
first to make important clinical use of intraperitoneal injection of 
blood. 

The route of absorption seems to be twofold; i.e., by the blood 
stream and by way of the lymphatics. Von Recklinghausen thought 
there were direct openings into the lymphatics, stomata he called them, 
on the peritoneal surface of the diaphragm. However, this conception 
has been disproved by Musceatello,t MacCallum,® Sabin,® Clark,’ and 
others, and it is now known that the lymphaties are composed of a 
closed system except for the entrance of their terminal ducts into the 
large veins at the base of the neck. MacCallum demonstrated how 
closely the lymphaties lie to the peritoneum and suggested that parti- 
cles can be forced into them by a pumping action. In animals with 
hemoperitoneum and a thoracic duct fistula it has been shown that 
free erythrocytes and erythrocytes engulfed in macrophages may be 
found coming from the fistula forty-five minutes after the injection 
of the peritoneal blood (Lesage). One must be guarded, however, in 
making interpretations on this phase of the problem from the erythro- 
cyte content of the thoracic duet, since Clark and Story,’ in an unpub- 
lished work, have demonstrated that the thoracic duct normally con- 
tains a relatively high percentage of erythrocytes, the origin of which 
has not been determined. 
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The fact that absorption takes place first by way of the blood stream 
seems definitely proved. In 1894, Starling and Tubby injected indigo 
carmine into serous cavities, including the pleural cavities, and noted 
that with a thoracic duct fistula, the pigment appeared first in the 
urine. Dandy and Rowntree,® repeating the experiment with phenol- 
sulphonephthalein, noted that the pigment appeared in the blood 
stream in two minutes as compared to twenty minutes in the thoracic 
duet fistula. They also showed, as did Siperstein and Sansby, that 
bird’s blood injected intraperitoneally into rabbits appeared first in 
the blood stream, and the cells were morphologically unchanged. 




















Fig. 1.—Looking into the lower anterior mediastinum from in front. The chest 
wall has been vertically divided in the midline and laterally retracted. _In the dog 
this part of the mediastinum forms a separate cavity between the heart and diaphragm 
and is capable of holding about 500 c.c. of fluid. It is a closed cavity except for an 
aperture behind the vena cava (see arrow) connecting this space with the right 
pleural cavity. Normally it is obliterated by expansion of the right and left lungs, 
but when the right pleural cavity is opened, it is distended. It is in this space that 
a considerable amount of blood and blood clots collect and become absorbed. 4H, heart; 
M, mediastinal septum; D, diaphram; O, looking into the left pleural cavity ; L, middle 
lobe of right lung; V, vena cava. The lower mediastinal cavity is outlined in black. 


In studying clinical hemothorax, we wished to know the normal 
fate of uninfected, whole blood, autotransfused into the pleural cavi- 
ties of animals, and therefore undertook the following experiments on 
dogs. Whole blood, as quickly as possible, was transfused from the 
exposed jugular or femoral vein to one of the pleural cavities in 
amounts of 150 ¢.c. to 500 ¢.c. by the multiple syringe method. The 
animals were given a light preliminary intravenous injection of ‘‘Nem- 
butol’’** (a barbital derivative) which made the induction of ether 
anesthesia much easier and lowered the amount of ether required for 


*Supplied by courtesy of Abbott Laboratories. 
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narcosis. Pneumothorax was avoided by attaching to the intercostal 
needle a closed rubber tube through which the injections of blood 
were made. At varying intervals of time, exploratory thoracotomy 
was done, using the Becker compressed air intratracheal respirator. 
Table I summarizes the results. 

















Fig. 2.—Appearance of a large blood clot introduced into the right pleural cavity. A, 
apex of pleural cavity; D, diaphragm; P, pericardium; L, right lung. 
Table II summarizes the results of injecting an equal quantity of air 
following each injected syringe of blood. 
Table III is a summary of the results of the introduction of blood 
clots into the pleural cavity by thoracotomy. The blood was allowed 
to stand twenty minutes outside the body. 
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TABLE [ 
































BLOOD RESU LT AD 

isi C.C. seaiti BLOODY FLUID ecaitaas rs |, HESIONS 
1 200 4 hr. 200 No | No 
32 250 5 hr. |8 ee. on right, 4 ec. on left, 50|No | No 

cc. in wound 

33 250 6 hr. |85 ce. on right, 105 ¢.c. on left j|Large one| No 
17 250 24 hr. {50 ¢e. on right Large one| No 
18 300 24 hr. |None No No 
(as 500 6d. |None No | No 
3 150 12 d. None No | No 





*This amount of blood taken from Dog 7 caused him to have marked air hunger 
and pallor of mucous membranes, and he was given 100 ¢.c. of blood intravenously 
from another dog. 

















TABLE II 
BLOOD ee RESULT a ae 
DOG | ae | AIR | TIME | hieamed hatin | clors | peston 
19 225 225 | 24 hr. 5 cc. Large one| No 
20 200 200 24 hr. |100 ce. (on opposite side) |No | No 
21 300 300 24 hr. |100 c.e. Large one} No 
1 50 600* 22 d. |None No No 











*Accidental pneumothorax. Almost completely absorbed in twenty-two days. 


TABLE III 

















DOG | pine POSITION TIME RESULT 
| .C. 
15 | 130 Intra- 6d. |No clots. Lower mediastinum - slightly 
pleura thickened. Adhesion, 2 by 1 by } cm., 


lower lobe to the mediastinum. 


” 


we 


28 100 Lower 10 d. ‘*fibrin bodies. Two were free 1} cm., 
pleura and the third was attached to medias- 
tinum, 3 em. in diameter. 


16 d. |One of the free bodies was a third smaller 
and attached to parietal pleura, the other 
| could not be found. The previously at- 
tached body had divided into three parts 
(lobulated) and was much smaller. 





Ay | 12x4~x |Apex to] 12 d. 











| 4 threads, upper lobe to mediastinum. 1 
| 2 em. dia- thicker cord, 2 em. long, upper lobe to 
phragn mediastinum. No clots. 
31 500 Intra- 13 d. | Bilateral empyema and multiple adhesions. 
pleura No clots. 
3 50 Inter- 16 d. |3 threadlike adhesions in interlobar region. 
lobar 2 threadlike ones, lower lobe to dia- 
phragm. 
29 100 Intra- 21d. |2, 4 em. ‘‘fibrin bodies’’ embedded in a 
pleura transparent 1 em. band on parietal pleura 
in position of extreme apex. 
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Other findines are shown in Table IV. 


TABLE IV 











Lobe of right lung incised with direct exposure and marked bleeding was 
permitted into the pleural cavity. Animal died four hours later ap- 
parently of continuous hemorrhage. A large blood clot filled the right 


Doe 10. 





pleural cavity. 


Dog 13—One hundred fifty cubic centimeters of semiclotted blood introduced in a 
l-inch incision at apex of right pleural cavity. Dog died one hour later 
when tracheal catheter was removed. A hemopneumothorax. 

Result: The bloody fluid was distributed in both pleural cavities. Only 
one small blood clot, 3 by 1 by 3 em. 


Dog 14.—One hundred fifty cubic centimeters of clotted blood obtained from an 
incised wound of the middle lobe of the lung and allowed to remain in 
right pleural cavity. 

Result, forty-eight hours later: Only 2 ¢.c. of blood clots; 500 ¢.c. bloody 
fluid present; apparently a pleural effusion. 








Fiz. 3.—Blood clot introduced in costophrenic space of right pleural cavity (outlined 
by arrows). This clot was entirely absorbed except for two fine, short adhesions be- 
tween the lower lobe of lung and the diaphragm. The apparent pneumothorax and 
partial collapse of lung resulted from the thoracotomy. The air was readily absorbed 
and the lung re-expanded. 


COMMENT 


Ags may be seen from the tables, blood can be injected into the pleural 
cavity with complete absorption in twenty-four hours, and without the 
production of clots or adhesions. It was noticed that in the two in- 
cidences where the clotting occurred, the technic of transfusion was 
more difficult and slower; perhaps a preclotting of the blood occurred 
before it was injected. Blood injected into one pleural cavity of a 
dog will readily pass to the other. If the animal lies on one side for 
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C-~ ee ee a eee Ye 


die winncbtaptins 














Fig. 4.—The fibrin bodies found in Dog 28 two weeks after a 100 cc. blood clot 
had been placed in the right pleural cavity. A. On the left are the fibrin bodies; on 
the right are enlarged lymph glands from the apex of the pleura and from the hilus 
of the lung. The scale is in cm, B. Enlarged view of the largest fibrin body. During 
the process of absorption it became trilobulated. C. Microscopic section of a two- 
weeks’ fibrin body. It consists of fibrous tissue with an outer layer of partially de- 
stroyed erythrocytes. Scattered through the center are macrophages filled with en- 
gulfed erythrocytes. 
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several hours, most of the fluid will be found in the pleural cavity 
which was most dependent. To test this passage of blood through the 
mediastinum, a thoracotomy was done on a normal dog, whole blood 
was gently poured into a concavity of the thin lower mediastinum, 
and immediately the blood began to pass to the opposite side. Blood 
counts of the right and left pleural fluid showed little difference. 

Blood and air can be introduced together without clotting (one 
dog), but in the few times this was attempted clotting was likely to 
occur and absorption seemed delayed. 

The introduction of blood clots by thoracotomy resulted in complete 
absorption in approximately two weeks with the production of (1) 




















Fig. 5.—Showing enlargement of apical lymph gland; the result of hemothorax. G, 
— lymph gland; L, lung; P, phrenic nerve; M, upper mediastinal septum; H, 
slight localized thickening of the mediastinum, (2) ‘‘fibrin bodies,”’ 
or (3) a few, short, threadlike adhesions. In one dog the chest was 
explored twice after the introduction of the clots and by the sixteenth 
day, the small ‘‘fibrin bodies’”’ were rapidly disappearing. Probably 
localized thickening of the mediastinum indicates the region where the 
clot was absorbed. 

Altogether in the twenty experiments, empyema developed in only 
one animal (Dog 31). In closing the wound of this dog, the resected 
ribs were replaced (the only time this was done) and the wound dis- 
charged serous fluid from the beginning, later becoming purulent. At 
autopsy the replaced ribs lay in a pool of pus within the chest wall. 
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Apparently pleural effusion did not occur in any of these dogs, ex- 
cept in the case mentioned and in the animal (Dog 10) whose lung was 























Fig. 6.—a. Easily and economically made instruments 
tracheal catheter prior to performing a thoracotomy on a dog. 
a tilting dog holder used in these experiments. 


for introduction of the 
b. Small x-ray unit and 


incised. From this, one would suspect that effusion results from 
pleural infection, or from trauma of lung tissue. 

As far as the route of absorption is concerned no studies were made. 
It was determined, however, that there was a high degree of destruc- 
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tion of erythrocytes in the pleural cavity since icterus index readings 
of bloody intrapleural fluid was so high that accurate determinations 
could not be made. 


ONE HUNDRED CLINICAL CASES OF PENETRATING WOUNDS OF THE CHEST 
SUMMARIZED AS FOLLOWS 


Number of Cases——One hundred consecutive cases in Grady Hospital 
during eleven months of 1931 and one month of 1932 reviewed. 


Age.—14 patients were between the ages of thirteen and twenty. 
51 patients were between the ages of twenty and thirty. 
26 patients were between the ages of thirty and forty. 
6 patients were between the ages of forty and eighty-eight. 

A thirteen-year-old boy and a sixteen-year-old boy were stabbed. A 
girl thirteen and a girl of sixteen received shotgun wounds. The oldest 
case was that of a man, aged eighty-eight years, with a shotgun wound ; 
he recovered. 


Sex.—There were 3 males to every female. Males were stabbed by 
females in a number of instances. 


Type of Wound.—Stabs, 76, of which 38% were done by a knife, 
25% were done by an ice pick, 
37% in an unknown manner. 
Shotgun, 11 
Bullet, pistol, 12 
Nail injury, 1 
If an analogy can be made to knife wounds of the abdomen in which 
exploratory laparotomy has been performed, one would conclude that 
the wound of a viscera made by the stab is much longer than the ex- 
ternal skin wound. Consequently, the external wound, as judged by 
size, indicates nothing as to the seriousness of internal injury. Rarely 
there were multiple penetrating wounds. Air-sucking wounds were 
found in five patients, and in twelve hemorrhage was of considerable 
degree. 


Result of the Wound.—Hemothorax, 40 cases. 
Pneumothorax, 20 cases. 
Hemopneumothorax, 40 cases. 

Symptoms.—Dyspnea was by far the most common symptom and 
next was painful respiration. Hemoptysis occurred in eleven patients. 
There were several without complaints or symptoms. 

Physical Signs.—The physical signs depended upon whether a 
pneumo-, an hemo-, or a combined hemo-pneumothorax was present. 
The classical signs of air or fluid in the pleural cavity were practically 
always found. A friction rub was heard in three patients, very early 
upon admission of the patient to the hospital. Subcutaneous em- 
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physema, surrounding the wound, was a frequent finding (19 per 
cent), in one the air spread over the entire chest, and in another the 
air appeared first in the neck at some distance from the chest wound— 
apparently a wound of the mediastinum. Three patients with gun- 
shot wounds and one with a stab wound were in profound shock when 
first seen. 

Laboratory Findings.—Forty per cent had an erythrocyte count of 
four million or over, but the majority had a count of between three 
and four million. In only 4 patients was the count under three mil- 
lion, the lowest being 2,300,000 with a hemoglobin of 55 per cent. The 
blood leucocyte count was elevated only slightly in most of the eases, 
and the temperature of 31 patients was normal throughout hospitali- 
zation. 

X-ray Findings.—A chest plate within the first two days usually sub- 
stantiated the diagnosis, but in a number the original plate was normal 
except perhaps for the presence of shot, a bullet, or a fractured rib. 
Subsequently plates would show air, increasing density, or a fluid 
level. This difference in some cases might be explained by the prob- 
able introduction of air during an intervening thoracentesis. A few 
patients, however, with hemoptysis and the aspiration of small quan- 
tities of bloody pleural fluid gave a negative x-ray plate. 

Immediate Treatment.—All patients were first seen by the interne on 
duty in the Out-Patient Department. All air-sucking wounds were 
closed immediately, and wound hemorrhage was controlled by sutur- 
ing or a pressure dressing. Each patient received 1500 units of anti- 
tetanus serum. Those in shock were treated accordingly. Following 
this emergency treatment, an x-ray plate was made, and the patient 
was put to bed in the ward and left to rest under morphia. Intra- 
venous saline or glucose solutions were administered as indicated. 
Blood transfusions were rarely done. Each patient was carefully ob- 
served for cyanosis, serious dyspnea, or loss of blood. Rarely was it 
necessary to remove air from the pleural cavity by means of a continu- 
ous, closed suction tube under water. Immediate aspiration of bloody 
fluid was considered necessary in two instances, with the removal of 
1400 ¢.c. in one, and 650 ¢.c. in the other. 

Immediate laparotomy was performed in 5 instances for associated 
(1) bullet wound of the bladder, (2) bullet wound of the liver, (3) 
bullet perforation of the transverse and descending colon, (4) bullet 
wound of the parietal peritoneum, and (5) a gunshot wound of the 
abdomen, with negative findings. 

Subsequent Treatment.—Aspiration of bloody fluid from the pleural 
cavity was done in 39 instances. Aside from the two exceptions pre- 
viously noted, this was never done until after forty-eight hours, and 
usually not until after the third day. The majority of these were 
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aspirated only once, with the removal of an average of 600 ¢.c. of 
bloody fluid. Nine patients were aspirated twice, 6 three times, and 
2 four times. The most fluid was removed from the patient who fell 
against a long nail; namely, 1400 ¢.c. the first day, 1400 ¢.c. the second 
day, and 3400 ¢.c. on the fourth day. His convalescence was unevent- 
fuk and he was discharged from the hospital on the eleventh day. The 
amount of fluid removed from the chest was as great in stab wound 
cases as in gunshot ones. 

Operation.—Only one patient needed immediate exploratory thoracot- 
omy. This was done in a man who entered the hospital eighteen hours 
following a shotgun wound of the lower chest. The wound was large, 
ragged, dirty and filled with shreds of clothing. After the wound 
was cleansed and the intrapleural débris removed, it was closed around 
two intrapleural Penrose drains. His Wassermann reaction was posi- 
tive. On the fourth day 1300 ¢.c. of bloody fluid was aspirated from 
the right pleural cavity. A streptococcus empyema developed and was 
treated by closed tube drainage seven days later. Four weeks follow- 
ing this drainage the empyema cavity had not become obliterated, and 
rib resection, evacuation of the pus and lead shot, and open tube drain- 
age were performed. About three months after this last operation the 
cavity had closed and the patient was discharged. 

Operation for empyema was also done on a twenty-five-year-old man 
who received a bullet wound of the right axilla and right elbow. He 
was brought to the hospital immediately after the shooting, with symp- 
toms of dyspnea and hemoptysis, and with a considerable degree of sub- 
cutaneous emphysema around the small skin wound. On the seventh 
day his right pleural cavity was tapped and 400 ¢.c. of bloody fluid 
was removed; 400 ¢.c. again on the tenth day, and 520 ¢.c. on the 
twelfth day. By the thirteenth day an hemolytie streptococcus em- 
pyema had developed and was drained by the closed method. Four 
days later, however, rib resection and open drainage were performed. 
Two months later a chronic empyema which had persisted was treated 
by further rib resection with removal of the roof of the pleura. From 
that time on the patient gradually improved. 

Mortality cases, as follows: 

1. Died a few minutes after admission to the hospital. 

2. Gunshot. A bleeding, air-sucking wound. Shock, Laparotomy. 

Died the next day. 


3. Gunshot. Aged thirteen years. Shock. Died three days later. 
4. Gunshot. Profound shock. Died day of admission. 

5. Gunshot. Profuse bleeding. Died day of admission. 

6. Gunshot. Subeutaneous emphysema. Died three days later. 

7. Gunshot. Complication of laparotomy with suture of wound of 


liver. Postoperative jaundice. Died seven days later. 
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8. Gunshot. Bilateral pneumothorax. Aged sixty-three years. Su- 
prapubic cystostomy for wound of the bladder. Died 
next day. 

9. Gunshot. Bullet pierced the entire left chest. Died next day. 

10. Gunshot. Aged fifty-seven years. Left hemothorax. Died sec- 
ond day. 

11. Stab. Streptococcus septicemia and empyema. Died twenty- 
third day. 

12. Stab. Left hemothorax. Died next day. 


COMMENT 


From the experimental work on dogs, we conclude that the pleura 
has several characteristics in common with the peritoneum. Both 
membranes are capable of complete and rapid absorption of blood. 
Blood clots placed in the cavities lined by each of these two mem- 
branes are completely absorbed with a minimum of adhesions. Blood 
and blood clots do not predispose these cavities to infection. On the 
other hand, from the work of Allen" and that of Rademaker,’? it 
would appear that these membranes react differently to blood in the 
presence of infection. Allen, for example, has shown that blood plus 
infection in the pleural cavity is more likely to produce empyema than 
when the blood is not present. In the peritoneal cavity, however, 
Rademaker has recently reported that when blood and organisms are 
introduced together, the ‘‘blood not only gives no predisposition to 
peritonitis, but offers a moderate degree of protection against it, at 
least in the case of colon bacillus.’’ 

In our own experimental work, we have no facts that would lead 
us to conform or disagree with Allen’s statement that blood in pene- 
trating wounds of the chest should be removed to prevent’ predisposi- 
tion of the pleura to empyema. We ean say, however, that in the 
clinical cases here reported, we made no attempt to remove all the 
blood and the incidence of empyema was extremely low; namely, three 
patients out of one hundred, two of whom had gunshot wounds with 
open drainage, and they recovered. One other patient developed an 
abseess around a bullet in the lung; the patient recovered after open 
drainage and removal of the foreign body. 

The mortality rate for the total number of clinical cases was 12 per 
cent, of which 10 per cent were gunshot wounds and 2 per cent were 
stab wounds. One-half of the patients with gunshot wounds died, 
whereas only 2 of the 76 patients with stab wounds died ; consequently, 
the prognosis is far more guarded in the former type of injury. 
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DISCUSSION 

DR. C. M. VAN ALLEN (PEIPING, CHINA).—I wish to ask Dr. Elkin how 
rapidly he injected the blood into the pleural cavity in these animals; whether in 
some cases he injected more rapidly than in others. This is apropos of the ques- 
tion, why did the blood clot in some of the animals and not in the others; because 
the pleura is known to have a powerful anticoagulant property so that freshly 
drawn blood poured over the pleura does not coagulate afterward if it is poured 
slowly enough to spread thinly as it flows, whereas blood poured so rapidly as to 
avoid whole contact with the pleura will coagulate in part afterward. The blood 
in the pleural space of patients with traumatic hemothorax may or may not be 
coagulated, and the explanation is probably that the hemorrhage was rapid in the 
cases with coagulation and slow in those without coagulation. 

This matter of coagulation has clinical as well as academic interest. Blood clot 
cannot be aspirated from the pleural cavity, and blood left in that space in man is 
not always absorbed so rapidly as it was in Dr. Elkin’s dogs. When it remains for 
a long time, it may cause serious disturbances. I have seen several patients recently 
who were carrying large quantities of dark, bloody, pleural fluid one to four years 
after gunshot wounds of the chest. Although the fluid was absolutely sterile in 
every case, there were fever, weakness, emaciation, retraction and immobility of the 
hemothorax, scoliosis, and great thickening of the pleura. The situation was very 
similar to that of chronic empyema, and the same radical treatment was indicated. 
Impressed by these observations, we feel that the blood should be removed in the 
early stages and not left with the hope of prompt absorption. We aspirate it a 
few days after the injury, replacing it with an equal quantity of air fractionally, 
so as not to reexpand the lung rapidly and run the risk of contamination and 
renewed bleeding from the pulmonary wound. Complete aspiration of the fluid is 
done best with the patient in the horizontal position with the affected side down. 
Clots that remain a few weeks after the injury should be removed through an inter- 
costal incision. 


DR. GEORGE HEUER (NEw York).—My experience in the treatment of 
traumatic hemothorax consists of about 260 cases, of which 160 were the result of 
war wounds and 100 the result of gunshot and stab wounds occurring in civil life. 
In the treatment of hemothorax I have used repeated aspiration without the reinjec- 
tion of air and have obtained such satisfactory results that I think that the 
injection of air to replace the blood aspirated is an unnecessary procedure. In the 
treatment of the condition it is important to realize that what Dr. Van Allen said 
is true, that in the majority of instances it is not necessary to remove all the 
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blood by aspiraion. In the larger number of cases the remaining blood is absorbed, 
as has been indicated, but there is an occasional case in which the blood is not 
absorbed. Why in an occasional case this should be so is not clear. During the 
War I had the opportunity of serving some cases in which absorption of blood from 
the pleural cavity had not taken place after the lapse of eleven to twelve months. 
The results of failure to absorb the blood are, as Dr. Van Allen says, a marked 
thickening of the pleura, an elevation of the diaphragm and retraction of the 
thorax, leading to great functional disability of the lung. It is therefore important 
in every case to follow the progress of the condition by means of x-ray films so as 
not to miss the occasional case in which the blood fails to absorb. 


DR. D. C. ELKIN (AtTLANTA).—No attempt was made to study the rate of 
injections of blood because dog’s blood clots so quickly that it has to be injected 
as rapidly as possible. 

I agree with Dr. Heuer and Dr. Van Allen that there are some cases in which 
the pleura is thickened, but I think it is the exception rather than the rule. 


PRESIDENT MULLER.—Dr. Steinke wanted to know what kind of blood you 
used. 


DR. ELKIN.—Autotransfusion. Dog’s blood. 








THE EFFECTS OF CLOSED PNEUMOTHORAX, PARTIAL OC- 
CLUSION OF ONE PRIMARY BRONCHUS, PHRENICECTOMY, 
AND THE RESPIRATION OF NITROGEN BY ONE LUNG ON 
PULMONARY EXPANSION AND THE MINUTE VOLUME 
OF BLOOD FLOWING THROUGH THE LUNGS* 


RicHMonp L. Moore, M.D., Anp H. Watton Cocuran, M.D. 
New York City 


INTRODUCTION 


r A previous paper", one of the authors reported observations on changes 
in the pulmonary blood cireulation which follow occlusion of one pri- 
mary bronchus and complete collapse of the corresponding lung in anes- 
thetized dogs. A marked decrease in the volume of blood flowing through 
the collapsed lung was observed in each instance. 

Before the former study was undertaken it was thought that should a de- 
erease in the circulation through the collapsed lung occur, there would be a 
proportional increase in the circulation through the opposite lung. This 
would have been the ease if the reduced circulation through the collapsed 
lung had been due simply to a shunting of blood to the opposite side. It 
was found, however, that the reduction was only partly due to a shunt; 
that it was largely the result of a decrease in the minute volume of blood 
pumped by the heart; as a consequence of this decrease the circulation 
through the opposite lung also was reduced. 

Following complete collapse of one lung the whole function of respira- 
tion is transferred to the opposite lung. If the requirements for oxygen are 
to be satisfied, the amount of oxygen absorbed by the right lung in the dog 
after collapse of the left one must be increased by approximately 6624 per 
cent, while after collapse of the right lung, the left one must increase its 
oxygen absorption by approximately 150 per cent. Assuming the supply 
of oxygen to be adequate, this can be accomplished either by an increase in 
the volume of blood flowing in a unit of time through the patent side, which 
may result either from an increase in cardiac output,t or from a shunt 


*From the Surgical Pathological Laboratory of the College of Physicians and Sur- 
geons, — University, and the Surgical Department of the Presbyterian Hospital, 
New York. 

Received for publication June 28, 1932. 

*These figures are based on the observation made by Moore (reference 1) that in the 
presence of free breathing and normal lungs the amounts of oxygen absorbed by the 
right and left lungs respectively in the dog are approximately in the ratio of 3 to 2. In 
thirteen experiments the average percentages were 60.1 for the right lung and 39.9 for 
the left. In the 44 experiments now completed the values are 58.0 and 42.0 (Table I). 

tThe terms cardiac output, minute volume output of the heart,and minute volume of 
blood passing through the lungs are used interchangeably in this paper. They all refer 
to the same thing; namely, the value obtained by the Fick formula: 


c.c. of oxygen removed per minute c.c. of blood pass- 


amount of oxygen absorbed by 1 c.c. = ing through the 
of blood in passing through the lungs lungs per minute 
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from the opposite side ; or by an increased oxygen utilization which would 
be reflected in an increase in the arteriovenous oxygen difference; or, 
finally, by a combination of a shunt with an increase in the arteriovenous 
oxygen difference, the situation which was found in the experiments 
mentioned. 

These experiments are of interest not only because they demonstrated 
that the circulation through a lung which is in a state of collapse is re- 
duced, but also because of the manner in which the reduction was accom- 
plished. The increase in the arteriovenous oxygen difference in eleven of 
twelve instances, resulting as it did in a decrease in the minute volume of 
blood passing through the lungs, clearly demonstrated the importance of 
considering changes in the circulation as a whole. 

In all of these experiments the expansion of one lung was completely 
arrested. Clinically, however, the expansion of a lung is more often re- 
stricted than actually stopped. This applies not only to diseases of the 
lungs and pleura and to the therapeutic use of pneumothorax, but espe- 
cially to operations on the chest wall and within the thoracic cavity, when 
the pleura has to be opened and the normal pressure relationships are dis- 
turbed. The circulatory changes which accompany these procedures are 
not completely understood, but it is the opinion of Graham? and others 
that they may be responsible for certain of the deaths which follow exten- 
sive operations on the thorax. In the past, death under these circumstances 
has been attributed to shock, collapse, heart failure, cardiocireulatory fail- 
ure, air embolism, or to pulmonary edema. 

With these problems in mind we undertook to accumulate data concern- 
ing the effects on the circulation of different procedures which restrict the 
expansion of the lungs. Pulmonary expansion can be reduced experi- 
mentally in several ways. The methods used in these experiments were 
pneumothorax, partial occlusion of one primary bronchus, and phrenicec- 
tomy. In the studies now being reported the effects of these procedures on 
pulmonary expansion and on the minute volume of blood passing through 
the lungs are correlated and are discussed in relation to variations in intra- 
thoracic pressure. As a means of interrupting the function of a lung 
without impairing its expansion one lung was made to breathe nitrogen 
while the opposite one breathed oxygen; the data concerning the effects of 
this procedure are also included in this report. 


LITERATURE 


The literature dealing with the circulatory changes which accompany 
obstructive atelectasis and open and closed pneumothorax has been re- 
viewed in a former paper. There is a lack of uniformity of opinion as to 
the effects of these procedures. 

It is of historical interest to mention the observations of Powell,’? pub- 
lished in 1869, which were overlooked in the former report. He studied the 
effects of various pressures on the artificial circulation (whipped bullock’s 
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blood) through the lungs of dogs enclosed in an air-tight vessel and con- 
cluded ‘‘that there is no appreciable difference in resistance to the circu- 
lation through a moderately expanded lung, and one collapsed by its own 
elasticity. That when the lung is more completely collapsed there is a de- 
cided increase in the resistance to the circulation through it. That the 
complete collapse of the lung has a very marked effect in retarding the cir- 
culation through it, independently of all external pressure.’’ 

Recent data published by Schulze and May‘ and Fine and Drinker’ also 
have a bearing on this subject. Schulze and May injected small amounts 
of air into the right pleural cavity of rabbits at short intervals. After sev- 
eral months they introduced India ink into the blood stream, killed the ani- 
mals immediately, and made sections of the lungs for microscopic study. 
They found that the capillaries of the lung on the side in which air was in- 
jected contained more ink than the capillaries of the opposite lung; they 
concluded from this observation that these morphologic appearances indi- 
cated a pronounced ‘‘hyperemia’’ of the compressed lung. Schulze and 
May were of the opinion that their experiments confirmed the observations 
of Sauerbruch® and Cloetta.’ 

Fine and Drinker studied the disposition of a nickel sulphide perfusate 
which was injected into the right jugular vein of anesthetized rabbits as 
they were being exsanguinated. They found that a much greater amount 
of nickel was contained in the right lung than in the left. After pneumo- 
thorax had been produced, there was a reduction in the proportion of 
metallic nickel contained in the ‘‘atelectatie’’ lung (from 25.9 to 54.5 per 
cent). Following ligation of a bronchus and atelectasis of the correspond- 
ing lung, the amount of nickel contained in the affected lung was reduced 
by 46.9 per cent. The amounts of metallic nickel were regarded as meas- 
ures of the total blood volumes of the lungs. 

In connection with the phrenicectomy experiments now being reported 
it is pertinent to call attention to the work of Lemon and of Andrus. 
Lemon*® in making observations in dogs after unilateral and bilateral 
phrenicectomy found no significant variations from normal in the move- 
ments of the thoracic wall, in the intrapleural tension, or in the functional 
capacity of the animals, even after complete paralysis of the diaphragm. 
He concluded that in the dog increased motion of the chest wall adequately 
compensated for paralysis of the diaphragm, so that no physiologic altera- 
tion from normal is produced. We, on the other hand, found significant 
decreases in tidal air volume after bilateral phrenicectomy. 

From observations made on anesthetized dogs, Andrus® found that fol- 
lowing unilateral phrenicectomy a moderate increase (about 25 per cent) 
in the amount of blood flowing through the lungs per minute occurred and 
that the tidal air volume decreased about 20 per cent. He reported that 
bilateral phrenicectomy produced symptoms of beginning respiratory de- 
compensation in the dog. An inerease in cardiae output after unilateral 
phrenicectomy comparable to that observed by Andrus was observed by us 
on only one occasion. 











MOORE AND COCHRAN: CLOSED PNEUMOTHORAX 471 


METHOD 


The preparation used was essentially the same as the one already de- 
scribed! (Fig. 1). Briefly, the method consisted of separating the respira- 
tion of the two lungs in dogs that had been anesthetized beforehand by the 
intravenous injection of barbital sodium. This was accomplished by in- 
troducing a specially devised double-barreled metal cannula (Fig. 2) into 
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Fig. 1.—A diagrammatic view of the apparatus. The lower part of the diagram, 
which shows the arrangement of the tubes which were used for the separation of breath- 
ing, was copied from the diagram published by Churchill and Agassiz (Am. J. Physiol. 
76: 6, 1926). The sketch shows the two separate respiratory systems and the manner 
in which the respiratory curves were made. The figure is reproduced from a former 
paper. 


the trachea, one arm being fixed in the left primary bronchus which had 
been exposed previously by a transthoracic approach through the fourth 


left intercostal space. Each barrel of the cannula served as an airway for 
the lung on the corresponding side and was connected with a separate 
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closed respiratory system, including inspiratory and expiratory valves, 
soda lime for removing carbon dioxide, and a spirometer for recording 
respiratory movements. The animals breathed oxygen naturally through- 
out the periods of observation. Control studies consisted of recording re- 
spiratory curves for a period of four minutes and withdrawing samples of 
mixed venous and of arterial blood. The mixed venous blood was taken 
from the right heart by means of a cannula introduced through a slit in the 
right external jugular vein,'® and the arterial blood from a cannula tied in 
the femoral artery. When this had been done, the animal was subjected to 
one of the several experimental procedures which are described below. 
Then, after varying intervals of time, additional respiratory tracings were 
made and second samples of blood taken. 






































Koes 


Fig. 2.—In this figure is shown the double barreled cannula, which was used to sep- 
arate the breathing. The tubes measure 19.5 and 21.5 cm. respectively, and each has an 
internal diameter of 7 mm. The longer tube is tied in the left primary bronchus and has 
a curve at one end to correspond to the angle at which the bronchus joins the trachea. 
The short tube is straight and extends down only as far as the origin of the right bron- 
chus. Introduction of the short tube is facilitated and controlled by means of a guide 
attached to the side of the long tube. A groove on the side of the short tube engages the 
guide and a stop at the proximal end of the groove prevents the short tube from being 
inserted too far and obstructing the bronchial branch to the right upper lobe. 


The amounts of oxygen absorbed per minute by each lung were measured 
from the respiratory curves, and the oxygen content of the samples of 
blood was estimated by the manometric method of van Slyke and Neill.” 
The cardiae output per minute was found by dividing the oxygen absorp- 
tion by the difference between the oxygen content of the arterial and 
venous bloods, according to the principle of Fick.’" The oxygen capacity 
of the blood was estimated after aerating the sample for five minutes in a 
closed flask at room temperature ; the saturation of the arterial and of the 
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venous blood with oxygen expressed in percentage was obtained by divid- 
ing the oxygen content by its appropriate oxygen capacity. 

This method, enabling us to measure the oxygen absorption of each lung 
separately, provided a means under certain conditions of estimating the 
fraction of blood passing through each lung. If the amount of oxygen ab- 
sorbed by a lung and the oxygen content of the venous blood entering it 
(which is the oxygen content of the mixed venous blood taken from the 
right heart) are known, it is necessary only to know the oxygen content of 
the arterial blood leaving the lung in order to apply the Fick principle and 
to ealeulate the fractions of blood passing through each of the lungs. 
When an animal is breathing naturally with its chest closed, it is impos- 
sible to collect samples of arterial blood returning from each lung. This, 
however, is not necessary if the mixed (from the two lungs) arterial blood 
is 100 per cent saturated with oxygen, for the fraction of blood coming 
from each lung must of necessity also be 100 per cent saturated ; in short, 
the oxygen content of the mixed arterial blood is the same as the oxygen 
content of each separate fraction. It is clear further that the arteriovenous 
oxygen difference on each side is the same as the total arteriovenous oxy- 
gen difference. It follows, therefore, that the fractions of blood passing 
through the two lungs will be in the same ratio as the values representing 
oxygen absorption. 

At the conclusion of each experiment the animal was killed by the intra- 
venous injection of 10 ¢.c. of a saturated solution of magnesium sulphate 
and an autopsy was performed immediately. In order to avoid pulmonary 
collapse, which might have obscured significant pathologie changes, the 
airway to each lung was clamped before opening the thorax. At autopsy 
especial attention was paid to the degree of collapse of each lung and to 
the position of the cannula in the left primary bronchus. This latter pre- 
caution was important because it was found that when the cannula was in- 
troduced too deeply, it obstructed the upper and middle branch bronchi 
and eaused complete atelectasis of the corresponding lobes. Results ob- 
tained in these imperfect preparations were discarded. 

Preparations similar to the one described have been made on 64 occasions. Certain 
of these have been discarded: three (Nos. 9, 19, and 32) because they were used as 
demonstrations only, two (Nos. 4 and 13) because the respiratory curves were recorded 
imperfectly, three (Nos. 5, 12, and 15) because leaks developed in one or the other of 
the respiratory systems, eight (Nos. 18, 26, 30, 39, 40, 53, 55, and 61) because the can- 
nula was introduced too deeply in the left primary bronchus, one (No. 57) because of 
pneumothorax, one (No. 63) because of irregular breathing, and fwo (Nos. 50 and 66) 
because of difficulty encountered in obtaining samples of mixed venous blood. The re- 
maining 44 preparations form the basis of this study. Fourteen of these (Nos. 1, 2, 3, 
6, 7, 8, 10, 11, 14, 16, 17, 20, 21, and 22) were included in the study of the circulatory 
changes which accompany total occlusion of one primary bronchus and complete col- 
lapse of the corresponding lung, the results of which have been reported.*| Measure- 
ments of the tidal air, oxygen absorption, and oxygen saturation of the arterial blood 
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made during the control periods of these experiments are included in this report 
(Table I, Fig. 3). All the data of the estimations of oxygen in the samples of blood 
in Experiment 1, as well as the second estimations in Experiments 3 and 46 were dis- 
carded, because there was difficulty in withdrawing the samples of mixed venous blood. 
The second estimations in Experiment 23 were also discarded because the analyses did 
not check, and finally studies of cardiac output were not made in Experiments 31 and 34. 


TABLE I 


RELATIVE PERCENTAGES OF TIDAL AIR MOVED AND OXYGEN ABSORBED BY THE RIGHT 
AND Lert LUNGS; OXYGEN SATURATION OF THE ARTERIAL BLoopD 

















RIGHT LUNG LEFT LUNG 
OXYGEN 
EXPERIMENT OXYGEN OXYGEN SATURATION 

NUMBER TIDAL AIR | ABSORPTION | TIDAL AIR | ABSORPTION ARTERIAL 

PER CENT PER CENT PER CENT PER CENT PER CENT 
10 35.1 60.6 64.9 39.4 95.2 
64 40.8 46.5 59.2 53.5 100.0 
47 41.5 51.2 58.5 48.8 100.6 
29 42.4 48.2 57.6 51.8 97.3 
58 43.4 53.6 56.6 46.4 99.5 
28 47.3 52.9 52.7 47.1 100.0 
68 47.3 55.1 52.7 44.9 95.4 
43 48.7 61.6 51.3 38.4 98.2 
67 49.5 52.7 50.5 47.3 98.8 
2 50.0 59.0 50.0 41.0 91.4 
48 50.5 56.0 49.5 44.0 97.2 
62 50.6 58.1 49.4 41.9 99.4 
17 51.4 59.0 48.6 41.0 98.7 
34 51.6 59.5 48.4 40.5 101.6 
52 51.7 68.4 48.3 31.6 101.0 
22 52.6 57.1 47.4 42.9 100.0 
59 52.8 44.4 47.2 55.6 96.5 
6 52.9 60.6 47.1 39.4 99.0 
27 53.8 57.2 46.2 42.8 99.0 
31 54.1 58.1 45.9 41.9 103.7 
14 54.2 49.7 45.8 50.3 98.1 
41 54.9 61.5 45.1 38.5 102.3 
51 55.7 65.4 44.3 34.6 101.4 
42 55.9 56.0 44,1 44.0 98.5 
46 55.9 59.2 44.1 40.8 98.6 
16 56.1 56.7 43.9 43.3 102.6 
‘i 57.4 62.2 42.6 37.8 94.6 
65 58.2 56.3 41.8 43.7 99.0 
8 58.9 56.2 41.1 43.8 98.7 
45 59.8 59.5 40.2 40.5 102.4 
33 60.0 54.6 40.0 45.4 101.1 
25 60.9 69.8 39.1 30.2 100.0 
44 60.9 60.9 39.1 39.1 100.0 
54 61.1 53.8 38.9 46.2 102.7 
56 61.2 60.3 38.8 39.7 101.6 
60 62.0 60.0 38.0 40.0 98.8 
21 62.1 64.5 37.9 35.5 100.0 
49 62.3 56.4 37.7 43.6 104.0 
24 62.4 56.3 37.6 43.7 103.0 
23 63.0 66.0 37.0 34.0 102.8 
1 66.3 64.2 33.7 35.8 — 
at 67.9 57.4 32.1 42.6 102.0 
3 81.7 60.4 18.3 39.6 99.5 
20 83.8 63.8 16.2 36.2 95.3 

















Average 58.0 





Average 42.0 
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EXPERIMENTAL WORK 


Observations made after the several experimental procedures were con- 
sidered of significance only in so far as they varied from control studies 
which were completed within a short period of time after the animals had 
been prepared. The necessity for additional studies then became evident 
in order to ascertain whether variations in the minute volume output of the 
heart occurred in animals anesthetized with barbital sodium and subjected 
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Fig. 3.—A correlation between the percentage of tidal air moved and oxygen ab- 
sorbed by the right lung in 44 experiments. The figures representing the percentages of 
tidal air are charted in increasing order of magnitude and against each is plotted the 


figure representing the percentage of oxygen absorbed and the oxygen saturation of 
the arterial blood in the same experiment. These values are given in Table I. 


to the operative procedure involved. This possibility was tested in four 
animals (Nos. 24, 25, 47, and 48) prepared in exactly the same manner as 
the ones used in the experimental studies. A sample tracing is repro- 
duced in Fig. 4. The results are assembled in Tables II and III and shown 
graphically in Fig. 5. The cardiac output decreased in 3 instances (Ex- 
periments 24, 25, and 48) 13.3, 1.2, and 7.3 per cent of the original estima- 
tions, and increased in one (Experiment 47) 8.3 per cent. With the pos- 
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sible exception of Experiment 24, in which the cardiac output decreased 
13.3 per cent, the changes are within the limits of error of the method and 
do not indicate any significant variation. 














TABLE IIT 
CHANGES IN TIDAL AIR AND CARDIAC OUTPUT IN THE PRELIMINARY EXPERIMENTS 
DEGREE OF CHANGE IN VOLUME DEGREE OF 
INTERVAL OF TIDAL AIR CHANGE IN 
EXPERIMENT] BETWEEN CARDIAC 
NUMBER STUDIES IN TOTAL RIGHT LUNG | LEFT LUNG OUTPUT 
MINUTES PER CENT PER CENT PER CENT PER CENT 
24 50 +1.1 +15.5 —22.9 -13.3 
25 45 +4.7 0.0 +12.0 - 1.2 
47 60 +1.2 + 8.3 - 3.7 + 8.3 
48 76 +2.4 + 4.5 0.0 - 7.3 




















The Effects of Closed Pneumothorax.—Because of the striking anatomic 
differences which exist between the thorax of man and that of the dog, it is 
generally agreed that the dog is not particularly adapted to the elucidation 
of problems concerned with pneumothorax. The mediastinum of a dog 
consists merely of a thin partition separating the two pleural cavities, 
which not only responds readily to pressure changes, but also may be per- 
meable to air. When air is introduced into one pleural cavity, the expan- 
sion of the opposite lung is probably affected much more markedly than is 
the case in man. This makes it impossible in a dog to compress one lung 
without seriously affecting the expansion of the other. The effect which we 
observed on the opposite lung was, however, much more striking than we 
had anticipated. 

After making the preliminary observations to be used as control data, 
amounts of air varying between 200 ¢.c. and 1150 ¢.c. were injected into 
one pleural cavity in each of six animals of different sizes. Measurements 
of tidal air and cardiae output were made after varying intervals of time. 

The tidal air decreased in every experiment (9.4 to 58.2 per cent) and, 
taking into consideration the weight of each animal, the changes were 
usually proportional to the amounts of air injected (Table IV). The re- 
spiratory curves of one experiment (No. 28) are reproduced in Fig. 6. The 
percentage decrease of the tidal air of the left lung was always greater 
than that of the right, regardless of whether the pneumothorax was in- 
duced on the left or right sides, as might be expected from the difference in 
the size of the two lungs (Table IV). 

A reduction in cardiac output occurred in each instance, the amount 
varying between 21.1 and 50.5 per cent (Table IV). The decrease was not 
proportional to the decrease in tidal air, to the size of the pneumothorax 
nor to the degree of anoxemia produced. 
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Unfortunately, a pneumothorax of sufficient degree to reduce tidal air 
was accompanied by a decrease in the oxygen saturation of the arterial 
blood in five of the six experiments (Nos. 27, 28, 29, 44 and 45) (Table IT), 
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making it impossible to calculate the relative fractions of blood passing 
through the two lungs after pneumothorax for correlation with the relative 
In Experiment 43, however, 
In this ex- 
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amounts of tidal air moved (see Method). 
the oxygen saturation of the arterial blood did not change. 
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TABLE LV 
CHANGES IN TIDAL AIR AND CARDIAC OUTPUT AFTER PNEUMOTHORAX 























DEGREE OF CHANGE IN VOLUME 
, OF TIDAL AIR DEGREE OF 
EXPERI- CHANGE IN 
MENT PROCEDURE RIGHT LEFT CARDIAC 
NUMBER TOTAL LUNG LUNG OUTPUT 
PER CENT | peR CENT | PER CENT | PER CENT 
27 Pneumothorax, right 58.2 42.9 -76.2 -50.8 
1150 ¢.e. 
28 Pneumothorax, right 32.3 -11.4 -51.0 -36.5 
1000 c.e. 
29 Pneumothorax, left -18.2 -17.9 -18.4 44.4 
800 c.e. 
43 Pneumothorax, left 44.5 -26.9 -61.3 21,1 
600 e.e. 
44 Pneumothorax, right -17.4 -15.7 -19.8 -37.9 
» TI 
400 e.e. 
45 | Pneumothorax, left -94 | -45 -16.6 | -505 
200 ce. | | 
| | 











TABLE V 


PROPORTION OF TIDAL AIR MOVED AND OXYGEN ABSORBED BY RIGHT AND Lerr LUNGS 
BEFORE AND AFTER PNEUMOTHORAX 























CONTROL PERIOD AFTER PNEUMOTHORAX 
; IN LEFT LUNG RIGHT LUNG .F ING 
ony RIGHT LUNG UNG } LEFT LUNG 
MENT TIDAL | OXYGEN| TIDAL | OXYGEN] TIDAL | OXYGEN| TIDAL | OXYGEN 
NUMBER AIR ABSORP-| AIR ABSORP-| AIR ABSORP-| AIR ] ABSORP- 
PER TION PER TION PER TION PER TION 
CENT |PERCENT] CENT |PERCENT| CENT |PERCENT| CENT | PER CENT 
27 53.8 67.2 46.2 42.8 73.7 62.7 | 263 37.3 
| 
2% 47.3 52.9 52.7 "47.1 61.9 47.7 38.1 52.3 
29 42.4 48.2 57.6 51.8 42.6 46.4 57.4 53.6 
43 48.7 61.6 52S | 38.4 64.6 63.5 35.4 36.5 
44 60.9 60.9 39.1 39.1 61.4 60.7 38.6 39.3 
45 59.8 59.5 40.2 40.5 63.0 58.8 37.0 41.2 





























periment after a left pneumothorax had been produced, the percentage 
ratio of tidal air moved by the right and left lungs changed from 48.7 and 
51.3 to 64.6 and 35.4 respectively (Table V). This was associated with 
a decrease of 44.5 per cent in the total volume of tidal air (a decrease of 
61.3 per cent on the left side and of only 26.9 per cent on the right). In 
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spite of the striking change in the percentage ratio of tidal air moved by 
the two lungs the relative percentages of oxygen absorbed showed no sig- 
nificant variation (Table V). There occurred, however, a marked de- 
crease in cardiac output and a corresponding decrease in the minute 
volume of circulation through both lungs. 

Postmortem examinations of the lungs of all of these animals revealed 
nothing of particular significance. Areas of atelectasis were present in 
both lungs. Sometimes these were more extensive on the side of the 
pneumothorax, sometimes on the opposite side. In Experiment 44 air 
previously injected into the right pleural cavity could be aspirated from 
the left ; subsequently at necropsy the mediastinum appeared to be intact. 

The Effects of Partial Occlusion of One Respiratory Airway.—The fact 
that the production of a pneumothorax limits the expansion of both lungs 
in the dog has been cited. Partial occlusion of one respiratory airway, 
on the other hand, offered an opportunity of studying the effects of a pro- 
nounced reduction in the tidal air of one lung without decrease in the tidal 
air of the opposite lung and without the occurrence of atelectasis. Partial 
occlusion of one airway was produced by tightening a screw clamp applied 
to the rubber tube connecting the cannula and respiratory valves. The 
clamp was closed gradually until tidal air had been reduced to such an ex- 
tent that the respiratory excursions were just large enough to be measured 
(Fig. 7). The respiratory airway of one lung was partially occluded in 
this fashion in six experiments (Nos. 41, 42, 64, 65, 67, and 68). The effects 
observed were: (1) decrease in the tidal air of the occluded lung (vary- 
ing between 74.9 per cent and 87.1 per cent) ; (2) increase in the tidal air 
of the opposite lung (varying between 21.8 per cent and 178.5 per cent) ; 
(3) decrease in total tidal air in five of the six experiments; (4) decrease 
in cardiae output in four of the five instances in which the total volume of 
tidal air was decreased ; and (5) inerease (55.9 per cent) in cardiac output 
in the one experiment (No. 65), in which there was an increase in the total 
volume of tidal air (Table VI). 

In Experiments 41, 42, and 64 the oxygen saturation of the arterial 
blood after partial occlusion of one respiratory airway was still approxi- 
mately 100 per cent (Table IT), which permitted the calculation of the per- 
centage ratio of the fractions of blood passing through each lung for com- 
parison with the control values. Although a marked decrease in the tidal 
air of the right lung occurred in Experiment 41 and of the left lung in Ex- 
periments 42 and 64, the proportion of oxygen absorbed by the two lungs 
(which under the conditions stated represented the percentage ratio of the 
fractions of blood passing through the two lungs) was approximately the 
same after partial occlusion of one respiratory airway as before (Table 
VII). In other words, marked reductions in the tidal air of one lung were 
not accompanied by shunting of blood to the opposite side. 
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In Experiments 65, 67, and 68 the oxygen saturation of the arterial blood 
decreased after partial occlusion of one airway, and calculation of the sep- 


arate fractions was not possible. 
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The Effects of Phrenicectomy.—The preparation used offered a means of 
measuring directly the effects of partial or complete paralysis of the dia- 
phragm, produced by unilateral or bilateral phrenicectomy, on the tidal 
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TABLE VI 


CHANGES IN TipAL AIR AND CARDIAC OuTPUT AFTER PARTIAL OCCLUSION OF 
ONE RESPIRATORY AIRWAY 




















DEGREE OF CHANGE IN VOLUME 
OF TIDAL AIR DEGREE OF 
EXPERI- CHANGE IN 
MENT PROCEDURE RIGHT LEFT CARDIAC 
NUMBER TOTAL LUNG LUNG OUTPUT 
PER CENT! pER CENT | PERCENT | PERCENT 
41 Partial Occlusion of -22.5 - 79.5 + 46.9 -40.6 
Right Respiratory Airway 
42 Partial Occlusion of — 8.6 + 53.8 - 87.1 -19.4 
Left Respiratory Airway 
64 Partial Occlusion of - 6.2 +108.0 — 83.8 -50.4 
Left Respiratory Airway 
65 Partial Occlusion of +31.1 - 74.9 +178.5 +55.9 
Right Respiratory Airway 
67 Partial Occlusion of —28.9 + 21.8 - 78.9 -31.7 
Left Respiratory Airway 
68 Partial Occlusion of -14.6 + 55.4 - 77.8 +20.3 
Left Respiratory Airway 




















air of each lung separately, on the minute volume output of the heart and, 
under certain conditions, on the fractions of blood passing through each 
lung. . 


TABLE VII 


PROPORTION OF TIDAL AIR MOVED AND OXYGEN ABSORBED BY RIGHT AND LEFT LuNGS 
BEFORE AND AFTER PARTIAL OCCLUSION OF ONE RESPIRATORY AIRWAY 























AFTER PARTIAL OCCLUSION OF ONE 
CONTROL PERIOD RESPIRATORY AIRWAY 
meen: RIGHT LUNG LEFT LUNG _— RIGHT LUNG LEFT LUNG 
MENT OXYGEN OXYGEN] OC- OXYGEN OXYGEN 
NUMBER | TIDAL | aggorp-| TIDAL | aggorp-| CLUDED| TIDAL | agsorp-| TIDAL | apsorp- 
AIR TION AIR TION AIR TION AIR TION 
i PER cee PER EE PER PER PER 
CENT CENT CENT CENT CENT CENT CENT CENT 
41 54.9 61.5 45.1 38.5 Right 14.8 59.4 85.2 40.6 
42 55.9 56.0 44,1 44.0 Left 94.0 58.0 6.0 42.0 
64 40.8 46.5 59.2 53.5 Left 89.8 50.3 10.2 49.7 
65 58.2 56.3 41.8 43.7 Right 11.1 54.7 88.9 45.3 
67 49.5 52.7 50.5 47.3 Left 85.0 54.8 15.0 45.2 
68 47.3 55.1 52.7 44.9 Left 86.3 54.7 13.7 45.3 
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The procedure was as follows: The right phrenic nerve was exposed 
through the same midline incision as that used for tracheotomy, and was 
isolated as far as the subclavian vein, care being taken to include the lower 
After this the preparation was completed in the usual 


roots in the neck. 
manner and control observations were made. Then the nerve was clamped, 
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divided proximally, and slowly avulsed by rotating the clamp. Usually an 
additional root which joined the main trunk in the thorax was brought into 
view before the nerve broke. In one experiment (No. 98) the right phrenic 
nerve was merely sectioned in the neck, and in two (Nos. 60 and 62) avul- 
sion of both right and left phrenic nerves was done. Six to ten minutes 
later a second set of observations was made, following which the experi- 
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ments were terminated and the animals subjected to autopsy. In Experi- 
ments 56, 59, 60, and 62 the phrenic nerves were found completely divided 
in the lower half of the thorax. In Experiment 58. in which the nerve was 
sectioned in the neck, one small branch was found intact below the point of 
division. One experiment (No. 57) was discarded because in avulsing the 
nerve the pleura was lacerated and pneumothorax resulted. 

In one experiment (No. 56) the tidal air increased 52.8 per cent after 
unilateral phrenicectomy (Fig. 8). In two (Nos. 58 and 59) the increases 
were trivial, amounting to only 3.8 per cent and 5.7 per cent respectively. 
Bilateral phrenicectomy (Experiments 60 and 62) (Fig. 9) caused de- 
creases of 8.5 per cent and 19.4 per cent respectively. Following right 
phrenicectomy the percentage change in the tidal air of the right lung was 
constantly less than that of the left. Following bilateral phrenicectomy, 
the changes were variable (Table VIII). 


TABLE VIIT 
CHANGES IN TIDAL AIR AND CARDIAC OutTPUT AFTER AVULSION OR SECTION OF ONE 
oR BoTH PHRENIC NERVES 


| DEGREE OF CHANGE IN VOLUME 
OF TIDAL AIR 


| DEGREE OF 
_| CHANGE IN 


EXPERI- | aaa re es 
oes . ‘ 
MENT | PROCEDURE | | RIGHT LEFT | CARDIAC 
NUMBER | TOTAL =| yung | Lone | OUTPUT 
| 
| 


>E YEP ATE | | oER CENT 
PER CENT | PERCENT | PERCENT | PER CENT 


6 Avulsion of Right 52.8 36.4 78.1 $24.8 
Phrenic Nerve 

8 Division of Right* + 3.8 - 4.1 9.8 34.5 
Phrenic Nerve 

59 Avulsion of Right et 00.0 He] -33.4 
Phrenic Nerve 1 

60 Avulsion of Both - 85 -14.9 00.0 —56.6 
Phrenic Nerves 

62 Avulsion of Both -19.4 795 —44.7 - 7.5 


Phrenic Nerves 


*At autopsy one small root was found intact below the point of section. 





In four of these five experiments the cardiac output decreased (Nos. 58, 
59, 60, and 62). In one experiment (No. 56) the cardiac output increased 
24.3 per cent (Table VIII). In Experiments 56, 58, 59, and 60, the oxygen 
saturation of the arterial blood after phrenicectomy was not less than 100 
per cent (Table II), indicating that the percentage ratio of the fractions 
of blood passing through the lungs was the same as the percentage ratio of 
oxygen absorbed (Table IX). In Experiment 62 in which the oxygen satu- 
ration of the arterial blood fell from 99.4 to 95.3 this fractionation could 
not be‘calculated. These experiments were undertaken with the idea that 
phrenicectomy would be followed regularly by an immediate decrease in 
pulmonary expansion. This, however, did not prove to be the ease. 
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It is difficult to provide a suitable explanation for the lack of uniformity 
in the changes in tidal air volume (both of the total and of the individual 
amounts moved by each lung) which were observed. The traumatizing 
effects on the central nervous control of respiration during phrenic avul- 
sion no doubt played a part. Although the total tidal air increased fol- 
lowing unilateral phrenicectomy, the percentage increase was always dis- 
tinctly less on the denervated side. 

That the cardiac output decreased in four out of five instances seems to 
be significant. The changes were probably related to the disturbance of 
the mechanics of ventilation which must have resulted from partial or 
complete paralysis of the chief muscle of respiration. 


TABLE IX 


PROPORTION OF TIDAL AIR MOVED AND OXYGEN ABSORBED BY RIGHT AND LEFT LUNGS 
BEFORE AND AFTER PHRENICECTOMY 


CONTROL PERIOD | AFTER PHRENICECTOMY 














eae! RIGHT LUNG LEFT LUNG RIGHT LUNG LEFT LUNG 
EXPERI- re | 
MENT TIDAL | OXYGEN} TIDAL | OXYGEN | TIDAL | OXYGEN | TIDAL | OXYGEN 
NUMBER AIR ABSORP- | AIR ABSORP-| AIR | ABSORP-| AIR | ABSORP- 
PER TION PER | TION | PER | ‘TION | PER | TION 
CENT |PERCENT| CENT |PERCENT| CENT |PFRCENT| CENT | PER CENT 
| pea ; 
56 61.2 60.3 38.8 39.7 54.1 642 | 459 | 35.8 
58 43.4 | 53.6 56.6 46.4 | 40.1 | 532 | 599 | 46.8 
| | | 
59 52.8 444 | 472 | 556 | 500 | 47.7 | 500 | 52.3 
| | | | | | 
60 62.0 60,0 38.0 | 40.0 | 58.5 | 59.6 | 41.5 | 41.4 
| } } | 
| | 
2 5 | see peo ll ae | ors 
62 50.6 58.1 | 49.4 | 41.9 | 65.6 62.5 | B44 [875 
| | 


The Effect of the Respiration of Nitrogen by One Lung.—The respira- 
tion of nitrogen by one lung, in contradistinetion to the situation in which 
one respiratory airway was occluded completely, offered an opportunity 
of studying the cireulatory changes which follow complete arrest of the 
function of absorbing oxygen without collapse. 

Five experiments are included in this series (Nos. 33, 49, 51, 52, and 54). 
Control studies were conducted just as in the other experiments and 
shortly thereafter the gaseous content of one respiratory system (in four 
of the five instances the left) was flushed out with nitrogen and the cor- 
responding lung from then on was allowed to breathe this gas. Second 
studies were made after varying intervals of time. 

A decrease of 5.9 per cent in tidal air (Experiment 33) (Fig. 10) and 
an increase of 2.3 per cent (Experiment 49) were too slight to be consid- 
ered of any significance. In Experiments 51 and 52 changes of +11.9 and 
~10.5 per cent respectively were probably within the limits of error of the 
method. In Experiment 54 the tidal air increased 32.2 per cent (Table 
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X). Changes in the proportion of tidal air moved by each lung likewise 
were slight and inconstant (Table XI). 

The cardiac output decreased in 4 of the 5 experiments (Nos. 33, 51, 52, 
and 54) (Table X). In Experiment 51 the decrease was insignificant. In 
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| 
Experiments 33, 52, and 54 decreases of 25.9, 49.2, and 29.5 per cent were 
observed. An increase of 114 per cent in Experiment 49 was so out of 
proportion to the changes observed in the other experiments as to suggest 
the possibility of an undetected technical error. 
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In all of these experiments the respiration of nitrogen by one lung was 
followed by a decrease in the oxygen saturation of the arterial blood (Table 
Il). This result was anticipated under the conditions of the experiment 
because whatever blood passed through the lung ventilated with nitrogen 
returned to the heart nonaerated and reduced the oxygen content of the 
femoral arterial blood which represented a mixture of the fractions from 
both lungs. The drop in the oxygen saturation of the arterial samples to 
levels significantly below 100 (85.3 to 96.8 per cent) made it impossible to 
estimate directly the proportion of blood passing through each side. One 
could, however, determine indirectly that no significant changes in the 
percentage ratios of the fractions of blood passing through the two 


TABLE X 


CHANGES IN TIDAL AIR AND CARDIAC OutTPUT FOLLOWING THE INHALATION OF NITROGEN 
BY ONE LUNG 


DEGREE OF CHANGE IN VOLUME | 
OF TIDAL AIR 
eae —-| CHANGE IN 


DEGREE OF 








EXPERI- as 
MENT CONDITIONS | RIGHT | LEFT | CARDIAC 
= | | 
NUMBER noma LUNG | LUNG | OUTPUT 
PER CENT| PERCENT | PERCENT | PER CENT 
33 Right lung breathing nitrogen) —- 5.9 -16.6 o.9 = 23.9 
49 Left lung breathing nitrogen + 2.3 00.0 6.1 1114.0 
51 Left lung breathing nitrogen MY, 00.0 26.8 - 16 
5 Left lung breathing nitrogen -10.8 —28.5 — 9.4 — 49.2 
o4 Left lung breathing nitrogen 322 25.0 143.7 29.5 


lungs oceurred (‘Table XII). The method used was described by Weiss'* 
in his experiments on pneumothorax and is expressed in the formula: 
AX+VY=M(X+/Y), when X equals the percentage of the total pul- 
monary circulation passing through the right lung, Y the percentage of the 
total pulmonary circulation passing through the left lung, A the oxygen 
saturation (per cent) of the blood returning to the left heart from the 
right lung, V the oxygen saturation of the blood (per cent) returning to 
the left heart from the left lung, and M the oxygen saturation of the 
mixed arterial blood. When one lung breathes nitrogen, the oxygen satu- 
ration of the blood returning to the left heart from that side (either A or 
V) is the same as the oxygen saturation of the mixed venous blood. If one 
assumes that the values of X and Y are the same as they were in the control 
period, and furthermore that the blood returning from the lung which is 
breathing oxygen has not changed, the value of M can be calculated and 
compared with the value actually found. If the two are approximately the 
same, the assumptions upon which the values used in solving the equation 
were obtained are probably justifiable. 
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The differences between the values which were caleulated and those 
actually observed are not great enough to indicate any significant shunting 
of blood from one lung to the other (Table XII). 


TABLE XI 


PROPORTION OF T1DAL AIR MovED AND OXYGEN ABSORBED BY RIGHT AND LEFT LuNes 
BEFORE AND AFTER 'THE INHALATION OF NITROGEN BY ONE LUNG 


CONTROL PERIOD GNE LUNG BREATHING NITROGEN 


RIGHT LUNG RIGHT LUNG LEFT LUNG 





LUNG 


EXPERI- | yr | trite sREATH- = wetteN | i Aewnee 
uenr | « OXYGEN| _ OXYGEN | REATH OXYGEN OXYGEN 
Pi oncanelN | TIDAL |agsorp-| TIDAL | apsorp-| 'NGNI- | TIDAL | agsorp-| TIDAL | apsorP- 
ee |. ee TION | AIR TION | 'TROGEN AIR TION AIR TION 
| PER PER | PER PER PER PER PER PER 
CENT CENT CENT CENT CENT CENT CENT CENT 
33 | 60.0 54.6 40.0 45.4 Right 53.0 00.0 47.0 100 
49 | 62.5 6.4 | St.e 43.6 Left 60.5 100 395 00.0 
51 77 ey | 65.4 44.5 34.6 Left 49.6 100 204 | 00.0 
52 oly 68.4 48.3 31.6 Left 41.4 100 58.6 | 00.0 
| | 
54 | 611 53.8 38.9 46.2 Left 58.0 100 42.0 | 00.0 
| } 95.3* 100* 4.7 00.0% 
| 





*After partial occlusion of left primary bronchus. 





TABLE XII 


A SUMMARY OF THE DATA NECESSARY FOR THE CALCULATION OF TILE OXYGEN SATURA 
TION OF THE ARTERIAL BLOOD WHEN ONE LUNG BREATHES OXYGEN AND 
ONE LUNG BREATHES NITROGEN 
OXYGEN SATURATION 
OF ARTERIAL BLOOD 
WITIT ONE LUNG 


VOLUME OF BLOOD | 
FLOWING THROUGH | OXYGEN SATURA- 


| TION OF VENOUS 


| 
| 
| THE LUNGS DURING 





EXPERI- CONTROL PERIOD LUNG BLOOD WITH ONE | BREATIIING NITROGEN 
MENT | BREATHING | ,uNq@ BREATHING : 

NUMBER | THROUGH | THROUGH | NITROGEN | NITROGEN CALCU- MES 
|RIGHT LUNG| LEFT LUNG | PER CENT LATED FOUND 
| PER CENT | PER CENT | PER CENT | PER CEN’ 

DO 54.6 45.4 Right 705 83.4 89.4 
49 56.4 43.6 Left 83.1 94.9 92.9 
51 65.4 34.6 Left 68.1 S9.9 91.2 
D2 68.4 31.6 Left 49.7 S4.8 85.5 
v4 I3.8 46.2 Left 80.6 92:5 96.8 
18.4 91.5 96.0% 





left primary bronchus, 


*After partial occlusion of 
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In Experiment 54 (Fig. 11) additional studies were made (Fig. 12) ; 
twenty-five minutes after ventilation of the left lung with nitrogen was 
begun, its airway was gradually occluded (as in the experiments already 
described) until its tidal air was reduced from 80 ¢.c. to 12 ¢.¢. (or 85 per 
cent) (Table IL). Accompanying this reduction in the tidal air of the lung 
breathing nitrogen, the percentage ratio of tidal air moved by the right 
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and left lungs respectively changed from 58.0 and 42.0 to 95.3 and 4.7 
(Table XI). Inspite of this marked reduction in the expansion of the left 
lung relative to the right, the calculated and observed values of the exygen 
saturation of the arterial blood did not significantly differ (Table XII). 
This indieated that the decrease in expansion of the left lung was not as- 
sociated with any important variation in the proportion of blood passing 
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through the two lungs; in short, there was no shunting of blood from the 
partially occluded to the patent side. 

To summarize, then, when the oxygen supply of one lunge was re- 
moved without interfering with its expansion, cardiac output decreased 
significantly in 3 of 5 instances. These decreases were not proportional to 
the corresponding changes in tidal air. The respiration of nitrogen by one 
lung was not associated with significant shunting of blood to the opposite 
side, nor did a shunt oceur when the tidal air of the lung ventilated with 
nitrogen was markedly decreased by partial occlusion of its bronehus. 

Observations on the Relation Between Tidal Air, Orygen Absorption 
and the Unit Volume of Blood Passing Through the Lungs Made During 
the Control Periods.—Considering the difference in size of the two lungs 
and the 3:2 oxygen absorption ratio (right to left) which we have observed 
in dogs, it is reasonable to assume that under normal conditions the tidal 
air volume of the right lung is always greater than that of the left. probably 
by as much as one-half. This was the situation in most of our preparations, 
the ones which were technically best showing the 3 :2 tidal air ratio in addi- 
tion to the 3:2 oxygen absorption ratio. 

Experience, however, has shown that in spite of persistent attention to 
details in making our preparations, occasionally notable variations in the 
relative amounts of tidal air moved by the two lungs will occur. Our in- 
terest centered not so much on an explanation of these differences,* as on 
their cecurrence without corresponding changes in the relative amounts of 
oxygen absorbed. This is shown graphically in Fig. 5. The continuous 
line, representing the percentages of oxygen absorbed by the right lung, 
maintains fairly constantly the 60 per cent level ; whereas the dotted line, 
representing the percentages of tidal air moved by the right lung, shows a 
decided slope. It follows that a similar divergent relationship of these 
values occurs on the opposite side. Here the line representing percentages 
of oxygen absorbed by the left lung would be approximately horizontal at 
the 40 per cent level and the line representing percentages of total tidal 
air moved by the left lung would show a slope in the opposite direction. 

The arterial blood was 100 per cent saturated with oxygen, or approxi- 
mately so, in 36 of these 42 animals (86 per cent) and, as we have already 
stated, when this is true, one can calculate from the Fick formula that the 
fractions of blood passing through the right and left lungs were in the 


same ratio as the amounts of oxygen absorbed. 





*There are several possible causes for the variations in the relative amounts of tidal 
air moved by the two lungs, which were observed. Complete or partial occlusion of the 
air passages of either lung might result from the accumulation of exudate. Partial oc- 
clusion of the right primary bronchus might occur if the end of the right barrel of the 
cannula penetrates too deeply and comes in contact with the bronchial wall, or if the 
tracheal wall, having been excessively stretched by the combined width of the two parts 
of the cannula, retracts centrally over the end of the right tube to partly cover the open- 
ing. Imperfect expansion of the left lung might result from direct operative trauma, or 
might be secondary to a partial paralysis of the chest wall incidental to the intercostal 
incision and spreading of the ribs. And a restricted excursion of either or both lungs 
would be caused by a residual pneumothorax. 
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Here, then, were incidental observations made during the control pe- 
riods of our experiments demonstrating that the relative amounts of air 
moved by the lungs (tidal air) can vary considerably without shunting of 
blood from one lung to the other. These results are in substantial agree- 
ment with those obtained when the relative amounts of tidal air were de- 
liberately changed by one of the several experimental procedures already 
described. 

DISCUSSION 


The observations which have been presented give evidences that the re- 
spiratory excursion of a lung can be greatly reduced without shunting of 
blood to the opposite side. These results differ from those which accom- 
pany complete collapse and total arrest of lung motion. Shunting of a 
small part of the pulmonary blood fraction out of the completely collapsed 
lung has been previously demonstrated.' 

These data have shown further that, in spite of the absence of a shunt, 
the minute volume of blood passing through an imperfectly expanding 
lung is usually diminished because of the decrease in the output of the 
heart which occurs. A similar decrease in cardiac output, however, was ob- 
served after some of the experimental procedures when the expansion of 
the lungs was not decreased. 

It is generally agreed that the normal negative intrathoracic pressure 
depends on the elastic recoil of the lungs. Measurements have always 
shown that it is greatest at the end of inspiration when the expansion of 
the lungs is maximal. The aspirating effect of the negative pressure on the 
venous inflow and consequently on the filling of the heart has long been 
recognized. Cohnheim'™ showed that increase in intrapericardial tension 
resulted in a rise in venous pressure and an impairment in the filling of the 
heart. Sauerbruch® demonstrated an increase in the pressure in the fem- 
oral veins of dogs after the production of a unilateral open pneumothorax 
and was of the opinion that the right heart as a consequence received less 
blood and therefore with each systole projected less into the lungs. More 
recently Beck and his coworkers'*: '° demonstrated a decrease in the min- 
ute volume output of the heart in anesthetized dogs when the heart was ex- 
posed to atmospheric or positive pressures. It seems likely, therefore, that 
the positive pressures which were present in the pneumothorax experi- 
ments now being reported were responsible for at least a part of the cireula- 
tory changes. 

The effects of the other experimental procedures (partial occlusion of 
one respiratory airway, phrenicectomy, and the respiration of nitrogen by 
one lung) on pulmonary expansion, however, were variable. Measure- 
ments of intrapleural pressure were not made, but the degree of pulmo- 
nary expansion as measured by the volume of tidal air is probably a fairly 
accurate index of the pressure changes. The decrease in tidal air, present 
in most instances, suggested a decrease in the negative intrapleural ten- 
sion. In several instances, on the other hand, the tidal air was markedly 
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increased and was probably associated with an increase in intrapleural 
tension. The observation that insignificant changes in tidal air were not 
infrequently accompanied by marked decreases in cardiae output indi- 
‘ated that the circulatory changes were not entirely dependent on pressure 
alterations. Strength is given this point of view by the fact that the varia- 
tions in the valume output of the heart were not proportional to the varia- 
tions in tidal air. It seems, therefore, that some other mechanism, as yet 
unexplained, was operating to produce the circulatory changes which 
were found. 

Importance is lent to the observations now being reported because they 
direct attention to the fact that pronounced decreases in the minute volume 
output of the heart usually accompany disturbances in the mechanies of 
respiration. It may be that effects similar to these are the cause of the 
serious and sometimes fatal complications which accompany extensive op- 
erations on or within the thorax and which present characteristies of cir- 
culatory failure; namely, a rapid and weak heart action, low blood pres- 
sure, cold skin, cyanosis, and pallor. All of these symptoms may be a con- 
sequence of a decrease in the amount of blood expelled by the heart, if it is 
sufficiently large. 

SUMMARY 


A separate airway for each lung was provided in a series of anesthetized 
dogs by the use of a specially devised double-barreled cannula and indi- 
vidual respiratory tracings were recorded. From the records obtained the 
tidal air and oxygen absorption of each lung were measured. In addition, 
estimations of the oxygen content of the arterial, of the mixed venous, and 
of the aerated blood were made, and the volume of blood passing through 
the lungs per minute was estimated according to the principle of Fick. 
Measurements of cardiac output and tidal air (total and divided) were 
made before and after the production of a unilateral closed pneumothorax, 
before and after partial occlusion of one respiratory airway, before and 
after division or avulsion of one or both phrenic¢ nerves, and finally before 
and atter the respiration of nitrogen by one lung. The changes in cardiae 
output and tidal air which accompanied these procedures were compared 
with those observed after comparable intervals of time in a series of dogs 
similarly anesthetized and prepared. It was found that: 

1. The changes in cardiae output in the preliminary or control experi- 
ments were slight, from +8.3 per cent to —-13.3 per cent after periods vary- 
ing from forty-five to seventy-six minutes. The changes in tidal air also 
were not significant. 


2. Following the production of a unilateral closed pneumothorax a re- 
duction in cardiac output was observed in every experiment. the decrease 
‘anging from 21.1 to 50.5 per cent. After the introduction of large 
amounts of air into either pleural cavity, the total tidal air likewise was 











MOORE AND COCHRAN: CLOSED PNEUMOTHORAX 501 


always decreased and in every instance the percentage decrease was 
greater on the left side. The decrease in cardiac output was not propor- 
tional to the size of the pneumothorax, nor to the decrease in tidal air. 

3. After partial occlusion of one respiratory airway, the tidal air of the 
occluded lung decreased between 74.9 and 87.1 per cent, and that of the 
unoccluded lung increased between 21.8 and 178.5 per cent. The total 
tidal air decreased in five of six experiments (6.2 to 28.9 per cent). In the 
other experiment there was an increase of 31.1 per cent. Cardiac output 
decreased in four of the five instances in which the total volume of tidal 
air decreased. An increase was noted in one experiment in which there 
was also an increase in the total volume of tidal air. 

4. Unilateral phrenicectomy was followed by insignificant increases in 
tidal air in two experiments and by an increase of 52.8 per cent in a third. 
Bilateral phrenicectomy in two experiments resulted in decreases of 8.5 
and 19.4 per cent. In four of these five experiments the cardiae output 
decreased (7.5 to 56.6 per cent). In one experiment the cardiae output in- 
creased 24.3 per cent. 

5. Following the respiration of nitrogen by one lung slight changes in 
tidal air occurred in four instanees. In a fifth, there was an increase of 
32.2 per cent. Cardiac output decreased in three of five experiments (23.9, 
29.5, and 49.2 per cent). In one the change was insignificant (—1.6 per 
cent). Inthe fifth an increase of 114 per cent was probably an error. 

6. A reduction in the tidal air of a lung was not necessarily accompanied 
by a significant change in the proportion of oxygen which it absorbed nor 
in the percentage oxygen saturation of the arterial blood. This was ob- 
served in the control periods of several of the experiments, in one of the 
pneumothorax experiments, in three of the partial occlusion experiments, 
in four of the phrenicectomy experiments, and in one of the nitrogen 
experiments. 


CONCLUSIONS 


1. A disturbance of the mechanies of respiration in dogs caused by the 
production of a unilateral closed pneumothorax, or by partial or complete 
occlusion of one primary bronchus, or by unilateral or bilateral phrenicec- 
tomy, or by the respiration of nitrogen by one lung, is followed in most in- 
stances by a significant decrease in the minute volume of blood passing 
through the lungs. 

2. The tidal air of one lung may be markedly decreased, in fact as much 
as 87 per cent, without a shunting of blood to the opposite side. 
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THE TENSILE STRENGTH OF THE PARALYZEI) 
DIAPHRAGM* ft 


PRELIMINARY REPORT 


Ricuarp H. Meapr, Jr., M.D. 
PHILADELPHIA, PA. 


INCE 1911 unilateral paralysis of the diaphragm has been used as a 

therapeutic measure in many thousand eases. In spite of this fact 
I have been unable to find any note in the literature in regard to the 
physical properties of the paralyzed diaphragm. The numerous reports 
of large series of cases in which this procedure has been used have not 
mentioned a single instance in which subsequent rupture of the 
diaphragm has occurred. This mass of clinical evidence would seem 
to warrant the conclusion that the tensile strength of the structure is not 
impaired by the induced paralysis. It was the purpose of this study to 
investigate experimentally the effect of paralysis of the diaphragm upon 
its tensile strength. 

METHOD 


Dogs were selected as the experimental animals. In six of the animals 
paralysis of the hemidiaphragm was induced by resection of a centimeter 
of the phrenic nerve a short distance above the diaphragm. This level 
was employed because it offered the greatest certainty of severing the 
entire phrenic nerve supply. The operations were performed under 
sodium amytal anesthesia administered intraperitoneally, 50 mg. per 
kilogram of body weight. Intratracheal artificial respiration was main- 
tained while the thorax was open. Aseptic technic was used. The fifth 
rib was resected subperiosteally for a distance of five or six centimeters, 
lateral to the cartilage, the pleura was incised and the phrenie nerve 
identified and crushed at the site of the proposed resection. Following 
the immediate cessation of diaphragmatic movement the nerve was 
isolated, hemostats were applied about one centimeter apart, and the 
intervening nerve was excised. The ends were ligated with fine silk to 
prevent oozing from any unrecognized accompanying vessel. The chest 
wall was then closed in layers. Care was taken to have the lung fully 
inflated at the time that the pleura was closed. 

The dogs made uneventful recoveries and showed no ill effeets from 
their operations during the succeeding months. About ten months after 
*From the Laboratory of Research Surgery of the University of Pennsylvania. 
Surgery at Washington, D.C. May 8, 16, 11. 1988. ne OF horace 
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their operations they were anesthetized and their diaphragms observed 
directly through openings in their thoracic and abdominal walls. The 
diaphragms were then removed for study. 

In two of the dogs of this series, and in one other whose diaphragm 
had been paralyzed by exeresis of the phrenic nerve, a high tension 
pneumoperitoneum was induced by permitting compressed air to flow 
into the peritoneal cavity through a special cannula. In spite of the 
fact that the pressure was so great that air leaked into the interstitial 


Py 
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Fig. 1.—Outline of specimen removed for tensile strength tests. Length 4 cm., width 
at ends 2 cm., width in middle 1 cm. Radius of curve 0.5 cm. 


























Fig. 2.—Instrument for determination of tensile strength. The punch used to remove 
the test pieces lies on the base of the instrument. 

tissues through other channels than the puncture wound, there was no 

injury to the paralyzed diaphragm. 

In two dogs regeneration of the nerve had taken place and the 
diaphragm in one appeared normal in gross structure and in function 
and in the other dog the results of neurectomy were obscured by an ex- 
tensive pleurisy but muscle tissue was plainly present. In each of these 
dogs one centimeter of the phrenic nerve had been removed at a distance 
of approximately five centimeters above the diaphragm. Neurectomy 
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was performed on the first dog on June 13, 1932, and the dog was killed 
on April 25, 1933. The neurectomy was performed on the second dog 
on June 14, 19382. On January 21, 1933, roentgenograms showed evi- 
dence of paralysis of the corresponding half of the diaphragm. The 
dog was killed on April 21, 1933, and regeneration of the nerve was 
found to have occurred. In none of the other dogs was there evidence of 
nerve regeneration, although similar procedures had been carried out in 
all. Histologic studies are being made on the regenerated and nonre- 
generated nerves. 

Two instruments were used in making the tensile strength tests. One 
was a metal punch with which uniform pieces of tissue could be re- 
moved from the diaphragm. It was so constructed that the pieces out- 
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Fig. 3.—Diagrammatic drawing of tensile test machine. The beam is divided into 


a scale of 10 kilograms. The micrometer head allows readings as small as 10 
grams. 


lined by it measured 4 em. in length, 2 em. across the ends, and 1 em. in 
the middle (Fig. 1). The tensile strength apparatus* was specially built 
to permit of readings of tensile strength up to 10 kilograms with 
minimum readings of 10 grams. The accompanying photograph and 
diagram are self explanatory (Figs. 2 and 3). 

The specimen of tissue is carefully placed in the jaws of the clamps 
so that its fibers run at right angles to them and so that it lies in the 
middle of the clamps. Longitudinal serrations prevent the tissue from 
slipping. Having arranged the test piece in position, tension is exerted 
on it by turning the lower handle, and the amount of tension is measured 


*This instrument was designed by Mr. A. J. Rawson and constructed in the work- 
shop of the Eldridge Johnson Foundation for Medical Physics. 
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on the seale beam. The reading at the breaking point is taken as the 
tensile strength of the specimen. As the break occurs through the nar- 
rowest portion of the tissue the data obtained represent the breaking 
weight in kilograms per centimeter of width. 

The diaphragm was carefully removed from the dog and rinsed off 
in normal salt solution. It was then spread out upon a square piece of 
cork to which it was fastened with thumb tacks (Fig. 4). In fixing the 
diaphragm every attempt was made to have it so arranged that the two 
halves would lie in their normal position and be exposed to equal degrees 
of stretching. Test pieces were then removed with the punch from 

















Fig. 4.—Diaphragm of dog No. 1204 fixed on cork block. The pleural surface is 
uppermost. Partial resection of the right phrenic nerve had been done ten months 
previously. The atrophic, paralyzed half is thin and transparent. Some normal muscle 
persists just to the right of the midline in front and outlining the right half of the 
esophageal hiatus. This normal tissue persisting in the paralyzed half was unique in 
these experiments. The distal portions of the phrenic nerves can be seen. 


exactly corresponding places in the lateral leaves (Fig. 5), strict atten- 
tion being paid to having the fibers run parallel to the long diameter 
of the punch. Oceasionally the punch blades would not pass entirely 
through the tissue and it would be necessary to complete the division 
with a knife, or with scissors. The diaphragm and its test pieces were 
covered with gauze moistened in normal salt solution until the tensile 
strength tests were made. The time elapsing from the removal of the 
test strips to their use did not exceed thirty minutes in the final series. 











MEADE: TENSILE STRENGTH OF PARALYZED DIAPHRAGM 507 


Before studying the diaphragms of the dogs subjected to operation a 
series of tests were made on apparently normal diaphragms to investigate 
the possible differences in tensile strength of the two halves of the 
diaphragm. As the dogs were studied at variable periods after death, 
from a few minutes to twelve hours, and the diaphragms kept for dif- 
ferent periods of time, not exceeding two hours, before study, only the 
figures for the two halves of the same diaphragms can be properly com- 
pared. Another important factor of error in making the tests upon the 
normal tissue was its elasticity which made it difficult to subject all 
portions of the diaphragm to the same degree of stretching when taking 

















Fig. 5.—The same diaphragm after additional fixation with tacks and punching of 
re ggpe sore pag. Ag gr oer the greater tendency of the normal pieces 
the test pieces. In spite of these variables the results did not show a 
significant difference in the tensile strength of the two halves of the un- 
paralyzed diaphragm (Table I). 

Following the unilateral interruption of the phrenic nerve supply to 
the diaphragm, marked differences became apparent. After the interval 
of ten months used in these experiments, the affected halves of the 
diaphragms showed striking contrasts with the corresponding normal 
halves. There were loss of active movement, marked thinning, and loss 
of color. The paralyzed structure became a transparent membrane 
which no longer took any active part in the act of respiration. Grossly 
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TABLE I 
NorMAL DIAPHRAGMS. LOAD AT BREAKING POINT 














DOG LEFT HALF RIGHT HALF 
1 2.55 kilograms 3.30 kilograms 
3.00 2.90 
2.85 2.51 
2 2.87 2.61 
2.74 2.63 
3 1.96 1.73 
2.05 2.23 
4 3.23 2.27 
2.67 2.15 
2.13 2.34 
3.94 3.78 
5 2.68 2.18 
3.29 2.08 
2.29 2.54 
4.57 3.53 
6 2.40 2.70 
2.28 2.00 
3.24 3.99 
2.55 2.68 
7 1.50 1.48 
8 2.28 1.89 
1.97 2.43 
Mean 2.68 2.54 





it seemed that this structure must be of less tensile strength than its 
normal counterpart. Microscopic examination revealed that marked 
changes had taken place in the tissue intervening between the two serous 
membranes. The thick mass of striated muscle fibers with only a small 
amount of connective tissue had been replaced by a very thin strip of 
fibrous tissue containing only rarely what appeared to be a degenerated 
muscle fiber. No appreciable histologic differences in the lining mem- 
branes were observed. (Figs. 6, 7.) 


RESULTS 


In making the tests of tensile strength sections were cut which in- 
cluded both serous membranes, and accordingly the results obtained do 
not apply merely to the diaphragmatic muscle. 


The paralyzed diaphragms of four dogs were suitable for tensile 
strength studies. The same precautions for securing uniform conditions 
were taken as previously outlined. As will be seen by consulting Table 
II, there was a significant difference in the results, the tensile strength 
of the tissue from the paralyzed half of the diaphragm being greater 
than that from the normal half. 
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Although, as has been noted, there was considerable variation in the 
tensile strengths, not only of different diaphragms, but also of the two 
halves in the same dog, and in different sections from the same half, the 
mean tensile strength of 22 sections from 8 unparalyzed diaphragms 
was 2.68 kilograms per centimeter for the left half, and 2.54 kilograms 
per centimeter for the right half. 

The mean tensile strength of the normal half of the diaphragm of the 
four dogs subjected to operation was 2.34 kilograms per centimeter while 














Fig. 6-A 

















Fig. 6-B 
Fig. 6.—Low power magnification of sections from the normal half of the dia- 


phragm (A) and from the paralyzed half (B). The normal portion is many times 
thicker than the other. 


the mean tensile strength of the paralyzed half was 3.61 kilograms per 
centimeter. 

A pure statistical analysis would lead one to conclude that the dif- 
ference was a real one. With this conclusion I cannot at this time 
entirely agree. Although the die cuts sections of identical size, the strip 
from the unparalyzed side tends to contract after it has been cut so 
that the sections which are compared from the two sides are not identical 
in their size and shape. Whether this error is sufficient to make the 
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Fig. 7.—A. High power magnification of a small portion of the normal half of the 
diaphragm, showing striated muscle fibers. 3B. A section through the paralyzed half, 
same magnification. 
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TABLE II 


DIAPHRAGMS OF Dogs SUBJECTED TO UNILATERAL PHRENIC NEURECTOMY 
LoAD At BREAKING POINT 




















DOG NUMBER NORMAL HALF PARALYZED HALF 7 
1161 2.61 kilograms 4.00 kilograms 
3.07 3.40 
4.72 5.75 
1168 1.65 3.76 
1.35 3.03 
2.53 3.50 
1204 2.08 3.98 
1.60 3.90 
2.47 4.43 
1208 2.48 3.14 
2.08 3.65 
1.41 2.63 
2.43 2.33 
Mean . 2.344014" 3861+ O17¢ 





*0.14 is the probable error of the mean—2.34 ; 
+0.17 is the probable error of the mean—3.61 


difference in the results obtained, or whether the data must be inter- 
preted as showing a real increase in tensile strength as a result of the 
replacement of the muscle fibers by connective tissue, I cannot at this 
time definitely state. 


SUMMARY AND CONCLUSIONS 


Six dogs were subjected to unilateral, transpleural, phrenic neuree- 
tomies. In four of them paralysis and atrophy of the corresponding 
halves of the diaphragm were still present when the dogs were killed 
ten months later. In two of them regeneration of the phrenie nerves 
oceurred with a complete restoration of normal function and of normal 
gross appearance of the diaphragm in one and an uncertain restoration 
in the other. 

Studies of the tensile strensth of the two halves of the diaphragm 
were made which showed consistently and significantly higher figures for 
the paralyzed half. Whether or not the difference is a true one cannot 
be definitely coneluded at this time. It can, however, be definitely stated 
that a decrease in tensile strength of the diaphragm does not result from 
phrenie neurectomy. 

PROTOCOLS 

Dog Number 1161, weight 17.5 kg. Operation May 25, 1932. Transpleural 
phrenic neurectomy, partial, left. Sodium amytal anesthesia, administered intra- 
peritoneally, 50 mg. per kilogram of body weight. Intratracheal tube passed through 
mouth and connected with an artificial respiration apparatus. Using aseptic tech- 


nie the fifth left rib was resected subperiosteally for about 8 em. lateral to the 
eartilage. The pleural cavity was entered and the phrenic nerve lying on the peri- 
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cardium was at once identified and crushed with a hemostat. The respiratory move- 
ments thus being diminished the nerve couid be more easily isolated and clamps were 
applied 1 em. apart at a level about 3 em. above the diaphragm. This portion of 
the nerve was then resected and the ends of the nerve ligated with fine silk. An 
attempt was then made to inflate fully the lungs which had been only half full but 
the air pressure was not sufficient. Cicsure of the chest wall in layers with fine 
silk was then done and 180 «ec. of air aspirated from the pleural cavity. 

The dog made an uneventful recovery from the operation and was killed April 18, 
1933. Under sodium amytal anesthesia, a special curved cannula was introduced 
into the peritoneal cavity through the left rectus muscle and air-tight closure made 
about it. This cannula was connected with a pressure gauge and a source of com- 
pressed air, and air was allowed to flow in until the abdominal wall became rigidly 
distended. There was an increase in the depth of the intercostal movements but 
the respiratory and pulse rates were not markedly affected. The abdomen was then 
opened and the diaphragm inspected from below. The left diaphragm did not move. 
A bilateral pneumothorax was induced, opening into the pleural cavities by de- 
taching the diaphragm from its anterior attachments, and the dog quickly died. 
The thorax was opened. The left half of the diaphragm was found to be com- 
pletely atrophied. The left phrenic nerve could be traced down to a point on 
the pericardium 3.5 cm. above the diaphragm where it ended abruptly and was 
covered with smooth pleura. There was a gap of 1 em. between this end and the 
proximal end of the distal segment which was covered with normal appearing 
pleura. The distal segment did not appear to be thinner than the proximal part. 
There were no adhesions anywhere in the pleural cavity. The diaphragm was 
then removed and fastened to the block of cork and specimens were removed for 
testing and for histologic study. 

Dog No. 1168, weight 6.3 kg. Operation performed June 9, 1932. Transpleural 
phrenie neurectomy, left, partial. Sodium amytal anesthesia. Intratracheal arti- 
ficial respiration. Portion of left fifth rib subperiosteally resected. A section of 
the left phrenic nerve 1 em. in length removed at a level 5 em. above the diaphragm. 
Chest wall was closed in layers. Uneventful convalescence. 

On April 24, 1933, the dog was killed under sodium amytal anesthesia by di- 
viding the right femoral artery and allowing the dog to bleed. Upon opening 
the thorax'the left lung was found to be adherent to the chest wall at the site 
of the operative wound by filmy adhesions except for one small area where it was 
more firmly attached. No evidence of regeneration of the phrenic nerve was ap- 
parent. The two ends were separated by a distance of 1 em., and this area was 
covered by adherent lung which, however, could be separated without damaging it. 
The left half of the diaphragm was entirely atrophic in appearance except for a 
narrow strip of normal appearing muscle 1 em. to the left of the midline which was 
separated from the normal half of the diaphragm by a narrow zone of atrophic 
tissue. The diaphragm was removed and fastened to the cork block. Pieces were 
removed for tensile strength tests and for histologic study. The distal portion of 
the nerve and a portion of the diaphragm which it supplied were also removed for 
study. 

Dog No. 1200, weight 5 kg. Operation performed June 13, 1932. Transpleural 
phrenic neurectomy, partial, left, under sodium amytal anesthesia. Partial resec- 
tion of left fifth rib lateral to the cartilage. Section of left phrenic nerve was 
removed from area 4 em. above the diaphragm. Chest was closed in layers. Con- 


valescence normal. 
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Feb. 1, 1933, an x-ray examination under sodium amytal anesthesia showed 
evidence of paralysis of the left half of the diaphragm. April 25, 1933, under 
ether anesthesia the dog was killed by establishing a bilateral pneumothorax. Be- 
fore the dog stopped breathing the actions of the two halves of the diaphragm 
were seen to be equal. There were adhesions of the lung to the site of the operative 
intervention in the left chest wall. The left phrenic nerve had entirely regenerated, 
the operative gap had been bridged, and impulses were readily transmitted down 
the nerve causing contraction of the diaphragm. A section of the diaphragm and 
the nerve up to a point 2 em. above the site of reunion was removed for histologic 
study, this being done after the diaphragm had been removed in toto and fastened 
to its cork block and pieces of the tissue had been removed for tensile strength tests 
and histologie study. 

Dog No. 1201, small, brown, short-haired, weight 7.2 kg. Operation June 14, 
1932. Transpleural phrenic neurectomy, partial, right. Sodium amytal anesthesia. 
Intratracheal artificial respiration. Partial subperiosteal resection of right fifth 
rib lateral to cartilage. About 0.5 em. of phrenic nerve resected 3 em. above 
the diaphragm. Immediately after crushing the nerve there was a marked in- 
crease in respiratory movements which returned to the former level after a few 
moments. Chest wall was closed in layers. X-ray examination, Jan. 21, 1933, showed 
evidence of paralysis of the right half of the diaphragm. There was definitely 
much greater movement of the right half of the thorax. 

April 21, 1933, under sodium amytal anesthesia the respiratory movements ap- 
peared to be symmetrical on the two sides. A cannula was inserted into the 
peritoneal cavity through the left rectus muscle and compressed air was allowed 
to flow into the peritoneal cavity until a high tension pneumoperitoneum was estab- 
lished. The heart stopped beating but respirations continued. After deflation the 
heart again beat weakly. The dog was killed by establishing a bilateral pneumo- 
thorax, opening the chest widely. The left diaphragm was normal. The right 
was pale and movement was uncertain. There was tremendous thickening of the 
diaphragmatic pleura and the lung was adherent to the posterior portion. The 
phrenic nerve was buried beneath the greatly thickened pleura. In attempting 
to remove the diaphragm the posterior half of the right half was left behind due 
to the mass of inflammatory tissue binding it to the parietal pleura. The tissue 
was unsuitable for tensile strength tests. Sections were removed for histologic 
study. 


Dog No. 1204, black and white, weight 4.5 kg. Operation June 16, 1932. Trans- 
pleural phrenic neurectomy, right, partial. Sodium amytal anesthesia. Intra- 
tracheal artificial respiration. Partial subperiosteal resection of right fifth rib, 
lateral to the cartilage. One centimeter of nerve was resected 3 em. above the 
diaphragm. Chest wall was closed in layers. Convalescence was uneventful. 

April 29, 1933, under sodium amytal and ether anesthesia the thorax was opened 
and the diaphragm was inspected from above. The right half of the diaphragm was 
atrophic and did not move. The lung was lightly adherent to the chest wall at the 
site of the previous operation and densely adherent to one small area. The distal 
end of the right phrenic nerve was curved upward on itself and ended in a bulbous 
enlargement. The proximal end of the distal segment started 1 em. below this 
point. The lung was lightly adherent to the scar tissue in this area. The major 
portion of the proximal segment of the phrenic nerve and the diaphragm with the 
attached distal part of the nerve were removed. Upon closer inspection of the 
diaphragm it was seen that there was some norma] muscle in the anterior part, ex- 
tending 1 cm. to the right of the midline, and the fibers immediately adjacent to 
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the right half of the esophagus were also normal. Diaphragm was removed for 
tensile strength tests and for histologic study. Photographs of this diaphragm were 
taken (Figs. 4 and 5). 

Dog No. 1208, weight 11.9 kg. Operation June 21, 1931. Transpleural phrenic 
neurectomy, partial, left. Sodium amytal anesthesia. Intratracheal artificial respira- 
tion. Partial subperiosteal resection of fifth rib lateral to cartilage. Lung could 
be kept only one-third inflated. Upon crushing the phrenic nerve there was an 
immediate increase in the rate and depth of respiratory movements. A segment 
was resected from the left phrenic nerve just above the point at which the nerve 
entered the diaphragm. The ends were ligated with silk. After closing the chest 
wall in layers, 120 ¢.¢c. of air was withdrawn from the pleural cavity. 

April 19, 1933, under sodium amytal anesthesia, a cannula was inserted into the 
peritoneal cavity.and air under 7.5 pounds per square inch pressure was allowed to 
run into it. Distention was allowed to continue until leaking of the air into the 
soft tissues occurred. There was only a slight increase in the respiratory and pulse 
rates and the depth of respiratory movements. The dog was partly exsanguinated 
from its femoral artery and the thorax opened. The left hemidiaphragm was com- 
pletely paralyzed and atrophic. The right half appeared to be normal. There was 
a gap of 1 em. between the ends of the phrenic nerve 2 em. above the diaphragm. 
The lung was firmly adherent to the tissue in the gap between the ends of the 
resected nerve. A portion of the proximal segment of the nerve, the tissue from 
the gap between the ends and the distal part of the nerve, together with the entire 
diaphragm were removed. The nerve and a segment of the adjacent diaphragm, 5 
by 3 em., were taken for histologic study after specimens had been taken for tensile 
strength tests. 

DISCUSSION 


DR. W. S. STANBURY.—At the Mountain Sanatorium, Hamilton, Canada, we 
have a series of nine autopsies on patients on whom phrenicectomy had been done 
at periods varying from four months to six years previous to the time of death. 

Our results do not correspond in every detail with those of Dr. Meade. In all 
our cases we encountered atrophy of the paralyzed half of the diaphragm involving 
the crus and the costal cigitations. The paralyzed diaphragm was thin, flabby, and 
of parchment-like translucency. In Dr. Meade’s lantern slide, I could not make 
out any atrophy along the margin of the.esophageal hiatus where the crus in our 
cases was markedly thinned out. 

Our findings on histologic examination do not correspond to those described for 
the dog. Several thousand sections were taken from the nine diaphragms along 
the midline from their sternal attachments to the tendinous insertions of the crura, 
as well as from the central and peripheral portions of the diaphragm. Blocks taken 
to inelude equal portions of the paralyzed and unparalyzed halves showed the 
atrophy to be delimited sharply at the midline. Histologically all that was left 
of the paralyzed diaphragm was pleura, peritoneum, perimysial connective tissue, 
and in the early cases, areas of fatty degeneration. Sections stained with scharlach r 
showed the fat globules as beadlike masses within the empty sarcolemma sheaths. 
We found absolutely no replacement of muscle with fibrous connective tissue. Two 
of our cases showed an umbilication or ‘‘pseudoherniation’’ of the right half of 
the diaphragm incarcerating a knoblike protuberance of the right lobe of liver. 
This may or may not be of any clinical importance; nevertheless such is our finding. 





Furthermore, four of the nine patients did not die of tuberculosis but of acute 
dilatation of the stomach. One of these cases was recognized clinically. When 
medical treatment failed, a gastroenterostomy was done by Dr. J. K. McGregor 
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and Dr. Ernest Janes of Hamilton. The patient died the following day. The other 
three cases had presented gastrointestinal symptoms attributed to intestinal tubereu- 
losis. At postmortem in two of these, no tuberculous enteritis could be found. The 
anatomical finding in these cases was tremendous dilatation of the stomach with 
ironing out of the rugae, dilatation of the duodenum with the duodenal-jejunal june- 
tion constricted by the superior mesenteric artery and its mesentery. The small 
intestines were down in the pelvis. Whether this condition has any direct relation 
to phrenicectomy, we are at the present time unable to say. It is perhaps significant 
that we have not encountered dilatation of the stomach and duodenum in 150 other 
postmortem examinations at the sanatorium. Moreover, Professor Klotz, of the 
University of Toronto, who has been fostering our work at the Sanatorium, has not 


encountered a similar condition in his large series of postmortem examinations. 


DR. RICHARD H. OVERHOLT (Boston).—I sheuld like to ask Dr. Meade if 
he followed these cases by x-ray examination, that is, to study the position of the 
diaphragm after operation at about the time he took the section. 

In doing some work about two years ago I had an opportunity to make x-ray 
examinations of animals at three-month intervals after a unilateral phrenic paralysis. 
I was surprised to find that very shortly after the left diaphragm was paralyzed it 
showed the characteristic change in contour due to a marked elevation on the operated 
side. As time went on, the position of the diaphragm descended, so that after six 
to nine months it was impossible to tell which side was paralyzed. The diaphragmatic 
contour in the operated animal looked entirely like that in a normal animal; that 
is to say, the muscle on the good side was acting for the entire diaphragm and 
contracting during inspiration, and the fibrous contraction of the paralyzed side 
apparently shortened the diaphragm on that side, so there was an actual descent 
in its position. 

Of course, in these animals there was healthy lung above, so that the condi- 
tion is not similar to that in tuberculosis, in which there is extensive fibrosis above, 
which would tend to maintain a high position of the diaphragm on the paralyzed 
side. 


DR. HEUER.—May I ask some questions of the last speaker? How were those 
x-ray pictures taken, with the dog erect, standing on his hind legs, or lying down? 


DR. OVERHOLT.—AIl were taken with the animal in a special holder, with the 
animal in a horizontal, anterior posterior position; all exposures were made in a 
similar way. 


DR. RICHARD H. MEADE, JR. (PHILADELPHIA).—I recognize that there is a 
very marked difference between the paralyzed diaphragm of the normal dog and 
the paralyzed diaphragm of the patient with tuberculosis. It was the purpose of 
this study to consider solely the effect of the paralysis on the normal diaphragm. 

We are making histologic studies of the tissue and expect to report on that at 
some later date. I have had occasion to examine only one human diaphragm fol- 
lowing paralysis, and I was struck by the marked difference between that and the 
paralyzed diaphragm of the dog. It was much thicker, and there was a great deal 
of tuberculous pleurisy overlying the diaphragm. 

The one photograph that I showed, unfortunately, was one exception to the rule. 
It happened to be the last one that I had and the only one of which I had gotten 
a photograph. You may have noticed that there was a small amount of normal look- 
ing tissue on the paralyzed side for about a centimeter in front and at the edge 
of the esophageal hiatus on the same side. That was the only dog in which that 
occurred, and I can’t account for it. 








* 
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In regard to the x-ray examination of the dogs, two of the series were x-rayed 
and in one of them the x-ray examination was done three months before autopsy. 
This was a dog that showed complete regeneration of the nerve. There had been 
a return of function of the diaphragm from February to April. I wonder if in the 
case that Dr. Overholt referred to, in which there was some change in the dia- 
phragm in a short period of time, it could possibly have been accounted for by nerve 


regeneration. 

I had occasion to autopsy several of Dr. Overholt’s dogs. In one of them in 
which he had done a bilateral phrenic exeresis, I was amazed to find that there was 
paralysis of only one-half of the diaphragm. At that time I thought it was due 
to some mistake in the data. I wonder now whether it were possible that it had 
been due to the fact that the nerve had regenerated. 











ANATOMIC AND PHYSIOLOGIC CRITERIA FOR SURGICAL 
RELIEF OF CARDIAC PAIN*t 


PETER HEINBECKER, M.D. 
Str. Louis, Mo. 


SURGERY FOR CARDIAC PAIN 


URGICAL procedures for the relief of cardiac pain have been con- 

fined entirely to the interruption of afferent pathways. This has 
involved the partial or complete removal of one or both cervical sym- 
pathetic chains, or the interruption by alcohol injection of visceral 
afferent paths in certain thoracic rami or thoracic dorsal roots. The 
clinical results have been effective in approximately 50 per cent of 
eases. This uncertainty of results, compromising as it does the effective- 
ness of surgical treatment, together with a certain operative risk, has 
resulted in the internist’s hesitancy to recommend surgical therapy even 
in desperate cases. The problem awaits a clearer knowledge of its basic 
anatomy and physiology. 

Recent developments in our knowledge of afferent fibers (Heinbecker, 
Bishop and O’Leary') warrant a reinvestigation of the pathways of 
pain fibers from the heart and the first portion of the aorta. The present 
report summarizes the results of such histologic and physiologic studies 
in man and in animals. The findings permit a critique of our present 
surgical procedures for the relief of cardiae pain in that they indicate 
the reason for their inadequacy. These findings suggest the desirability 
of utilizing pain reference as an indicator of the site for surgical attack, 
rather than blind adherence to any one form of surgical therapy. 

A brief review of results from our previous studies of nerve physiology 
is deemed necessary for an understanding of their present suggested 
utilization. Osmicated cross-sections of mixed nerve trunks show four 
major fiber types, three of which are myelinated and the fourth un- 
myelinated (Figs. 1 and 2). Two of the myelinated groups are char- 
acteristic of somatic nerves. One myelinated group and the unmyelinated 
group are characteristic of autonomic nerves. Somatic nerve trunks 
may contain one or both autonomic fiber types and autonomic nerve 
trunks may contain fibers of the somatic myelinated type. Somatic nerve 
fibers can be recognized in any nerve trunk physiologically by the fact 
that they are quick acting, have low thresholds and fast conduction 


*Read by title at the Sixteenth Annual Meeting of the American Association for 
Thoracic Surgery at Washingion, D. C., May 9, 10, 11, 1933. 

+From the Department of Surgery, Washington University School of Medicine and 
Barnes Hospital, St. Louis, Missouri. 
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Fig. 1.—Photomicrographs of cross-sections of nerves to show primarily the pres- 
ence of myelinated fibers of the second somatic group. Note in all sections the presence 
of such fibers, three to six microns in diameter. Osmic acid X1000. 12. Human ex- 
ternal popliteal to show typical skin pain fibers marked Se. The large thickly myelin- 
ated fibers, (S1), belong to somatic group I. 2, Human cervical vagus. Note thinly 
myelinated and unmyelinated automatic fibers marked respectively Az and Ai 8 Hu- 
man cervical sympathetic chain above superior cervical ganglion. 4. Human cervical 
sympathetic chain just below superior cervical ganglion. 5, Human superior cardiac 
nerve. 6. Human middle cardiac nerve. 7. Human cervical gray ramus. 8. Cat vagus 
heart branch. Vagus nerve cut above nodose ganglion twenty days previously. 
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Autonomic fibers likewise can be recognized becaus 
slow acting, have high thresholds and slow conduction rates. 


rates. 


The potential picture recorded from the mixed nerve trunk by means 
of the cathode ray oscillograph may thus serve as an index to the 
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nerve’s fiber content. When these potentials are recorded from a nerve 
still in the body, the correlation between potential record and the re- 
sponse given by the animal as a whole serves to identify the fibers 
responsible for accomplishing a specific type of activity. The potential 
record from a nerve, like the electrocardiogram, thus becomes an index 
of physiologic function. 

It has been possible for us to allocate to specific fiber types in the 
nerves of mammals, including man, specific functions (Heinbecker?) 
(Heinbecker, Bishop, O’Leary*), Fig. 2. Thus the large myelinated 
fibers of somatic nerves convey the impulses responsible for touch, pres- 
sure, and joint sense. Fibers of this type are also motor to skeletal 
muscle. The large myelinated fibers of autonomic nerves are afferent, 
conveying impulses such as those which reflexly govern the caliber of 
blood vessels and the rate and depth of respiration. In both somatic 
and visceral nerves, impulses responsible for pain are conveyed by small 
myelinated fibers with time functions faster than those of autonomic 
fibers. On the basis of the fiber size-conduction rate ratio of Gasser and 
Erlanger,* we have caleulated that pain fibers in man, and those in the 
eat and dog range from approximately three to six microns in external 
diameter and have a conduction rate varying from 15 to 30 meters per 
second. 

Having thus established by functional means the nature and size of 
fibers in many nerve trunks responsible for pain, it is possible to recognize 
such fibers in any other nerve trunk. If they are present, it is presumptive 
evidence that such a nerve trunk is a pathway for pain fibers. If, in ad- 
dition, actual stimulation of corresponding nerve trunks in animals has 
resulted in pain, or if adequate clinical evidence to this effect is avail- 
able, in man, it is considered valid to assume that among such thinly 
myelinated fibers, 3 to 6 microns in diameter, there are some which are 
pain fibers even though actual stimulation of the nerve trunk about 
which conclusions are being drawn, has not been possible. 

The pathway whereby the pain fibers, when found in autonomic nerve 
trunks, enter the brain or cord is also of importance. Rossi> has fur- 
nished the histologic proof that myelinated nerve fibers in sympathetic 
nerve trunks of a type considered by us to be afferents enter the spinal 
cord via the rami communicantes and the dorsal spinal roots. Functional 
and histologic studies by us in the turtle and cat have shown that there 
are fibers of the afferent type which pass from the upper cervical trunk 
or from its branches, to the superior cervical ganglion, and through this 
ganglion into the central nervous system. In about 10 per cent of cats 
and turtles the depressor nerve fibers may be traced through the superior 
cervical ganglion by functional means into the vagus ganglion. In such 
animals the depressor nerve may be either a separate trunk or be in- 
eorporated with the cervical sympathetic nerve. In man depressor 
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fibers have been found incorporated in the cervical sympathetic chain in 
one case of four studied. So far we have not found the depressor nerve 
in man to be a separate trunk but on the basis of the general similarity 
of variations of nerve trunks in various mammals it seems probable that 
it does occasionally so exist. Davis and Pollock® have afforded functional 
evidence that pain impulses from the superior cervical ganglion pass to 
the nucleus of the fifth cranial nerve. The clinical evidence for this is 
unmistakable. Many eases of angina pectoris show pain reference to the 
distribution area of the fifth cranial nerve and we consider it to be 
axiomatic that whenever pain arising in any viscus has cutaneous ref- 
erence the level of this cutaneous reference indicates precisely the level 
at which the visceral afferent fibers enter the central nerve system. 
Knowledge of the nerve branches contributing efferent fibers to the 
heart and first portion of the aorta in man is well established. They 
include cardiac branches from the three cervical sympathetic ganglia, 
branches from the upper six or seven thoracic ganglia, and the vagus. 
These nerve branches have been studied histologically. Potential an- 
alyses of the upper two cardiae nerves and the vagus nerve of man have 
been made. They yield a potential with fast properties typical of somatic 
nerve fibers as well as slow potentials typical of autonomic nerve 
fibers. Studies by Heinbecker* have shown that such fast potentials in 
autonomic nerves are derived from afferent fibers. Certain of these 
fast potentials conduct at thirty to fifteen meters per second and are 
thus similar to those of pain fibers as found elsewhere. Histologic ex- 
aminations of all three cardiac nerves and of the vagus nerve show 
myelinated fibers of the somatic type, some of them within the three 
to six micron range established for pain fibers. To repeat, the inference 
is not made that all fibers of this type and size in these nerves are pain 
fibers; but when the experimental and clinical evidence indicates that 
pain fibers are present in a nerve, the histologic finding of these typical 
fibers is adequate to indicate that certain of them are such. For the 
sympathetic nerves this evidence includes the results of electrical stim- 
ulation in animals and observations as to the level of referred pain in 
human subjects with cardiac disease. Stimulation of the vagus nerve in 
artificially ventilated cats below the level of separation of the recur- 
rent laryngeal nerve and with the sympathetic connections severed has 
yielded positive evidence for the presence of sensory fibers. The sensa- 
tion evoked in animals cannot be interpreted but the reactions elicited 
inelude whining, showing of the teeth, dilatation of the pupil, and strug- 
gling movements. These responses are similar to those resulting from 
stimulation of pain fibers in the saphenous nerve in the same animal. 
There is, however, a marked quantitative difference between the results 
of vagus and of saphenous stimulation. This is first in evidence by the 
fact that the vagus nerve ean be cut and handled without such responses 
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on the part of the animal under certain experimental conditions in which 
this is impossible with the saphenous nerve. Then, too, while the thresh- 
old for the effects is similar in the two nerves it generally requires much 
longer electrical stimulation to elicit them in the case of the vagus nerve 
than it does in the ease of the saphenous nerve. The longer time required 
for adequate summation of the painful stimuli in the vagus possibly in- 
dicates a relative paucity of pain fibers, if they may be so called. An- 
other possibility is that the central connections of visceral pain fibers 
are less highly developed than those for similar fibers from the skin. 
Histologie studies of cat vagus nerve branches to the heart (Fig. 1, 8) 
show myelinated fibers of the somatic type, three to six microns in di- 
ameter, which by the criteria discussed above are inferred to mediate 
pain. The larger myelinated afferent fibers elsewhere found to be con- 
cerned with vasomotor reflexes are also present. The vagus nerve has 
been shown to carry vasoconstrictor fibers to the coronary arteries and 
the appropriate unmyelinated fibers are present in the vagus heart 
branches. Elsewhere nerve branches to blood vessels invariably contain 
afferent as well as efferent fibers. 

The course of the afferent fibers into the central nervous system from 
the three cervical sympathetic ganglia and the upper six or seven 
thoracic sympathetic ganglia is indicated in Fig. 3. Afferent fibers 
traverse the superior cervical sympathetic ganglion to the sensory root 
of the fifth cranial nerve and to the dorsal roots of the upper three or 
four cervieal nerves via the gray rami communiecantes. Similar fibers 
pass from the middle cervical sympathetic ganglion to the fourth and 
fifth cervical dorsal roots, and from the inferior cervical sympathetic 
ganglion to the sixth, seventh, and eighth cervical dorsal roots. Like- 
wise, the afferent fibers pass through the upper six or seven thoracic 
sympathetic ganglia to the upper six or seven dorsal thoracic spinal 
roots via both white and gray rami communicantes. Histologic studies 
of the cervical and thoracic rami communicantes (Fig. 1, 7) invariably 
demonstrate the presence of myelinated fibers of the somatic type, some 
of which are of the pain fiber size range. 

Functional evidence for the distribution of sensory fibers from the 
superior cervical sympathetic ganglion to the fifth nerve is afforded by 
the work of Davis and Pollock already referred to. In addition, there 
exist the clinieal records of referred pain to the jaw and face in eases 
of angina pectoris. Similarly the clinical records of pain to the neck 
and to the thoracic cage permit of no other interpretation than that 
there are visceral afferent fibers reaching the cord levels which give 
origin to the nerve supply of the skin areas to which the pain is being 
referred. 

Briefly summarized the investigation demonstrates that afferent fibers, 
some of them of the pain fiber size, accompany efferent fibers in all 
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the nerve branches to the heart and aorta. In some the number of 
such fibers is not great but nevertheless sufficient for stimulation of ade- 
quate duration to result in the sensation of pain. 

That the origin of the pain felt in cases of angina pectoris as well 
as other forms of cardiac disease is in the heart and possibly also in the 
first portion of the aorta seems fully established. Recent experimental 
evidence (Sutton and Lueth*) to this effect as well as clinicopathologic 
evidence of long standing exists.? The majority of pain fibers appear to 
accompany or arise in the arteries of the heart. Clinically, it is known 
that wounds of the heart muscle are not painful but this in itself does 
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Fig. 3.—Nerve chart to illustrate the afferent pathways from the heart and first 


portion of the aorta to the central nervous system in man. ~--- indicates occasional 
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not eliminate the presence of pain fibers. As before indicated, when 
pain fibers are few in number as in the viscera, they must be stimulated 
for a considerable time in order that their central effeet may, by the 
process of summation, reach the level of consciousness (Heinbecker, 
Bishop and O’Leary, loe. cit.). 

The manner of stimulation of pain fibers in angina pectoris and other 
cardiac disease is to some extent a matter of speculation. The develop- 
ment of tissue tension is the one method of stimulating sensory nerve 
endings which is physiologically established. This may develop either 
in the process of stretching or contraction of tissue. It is highly prob- 
able that the pain of cardiac disease results from changes in tissue 
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tension in the musculature of the heart or in the walls of blood vessels. 
Lewis'® appears definitely to have shown that muscular contraction un- 
der ischemic conditions is painful. It is of interest to note that such pain 
is qualitatively of the type experienced in cardiac disease. The theory 
that acid metabolites under such conditions may serve as the stimulat- 
ing agents is less well established. Anoxemia, carbon dioxide, and lactic 
acid are definitely nerve depressants (Heinbecker'') except possibly of 
certain specialized nerve cells as found in the respiratory center. 

It is evident from Fig. 3 that none of the surgical procedures as 
now employed, taken singly, can succeed in the unilateral interruption 
of all pain fibers to the heart and first portion of the aorta. Complete 
removal of the cervical sympathetic chain still leaves many intact 
thoracic fibers. The alcohol injection of the eighth cervical to the seventh 
thoracic nerves paravertebrally does not reach fibers present in the mid- 





\ Sup.and mid.cardiac nerves 
ee -(occasional Location) 
Fig. 4.—Section through the lower portion of the body of the first thoracic vertebra. 


Note site for paravertebral alcohol injection and position of the superior and middle 
cardiac nerves at this level. 





dle and upper cardiac nerves, for these nerves enter the thorax far 
anterior to the site of the injection of aleohol (Fig. 4). To deafferentate 
the heart is surgically impessible or at least inadvisable. It remains to 
determine the most logical procedure available under the cireumstances 
because it is felt that in desperate cases of angina, not amenable to 
medical measures, surgical intervention is still justified. 

Pain in disease of the heart is typically felt within the thorax, most 
often beneath the sternum. The pain is frequently referred to other 
regions, such as to the left shoulder and down the left arm. Less 
frequently there is similar radiation to the right side. In certain eases 
the pain is reflected to the jaw and teeth, in others into the neck where 
contractions of the muscles may occur during an attack. It has been 
found difficult to account for these radiations described on the basis 
of Head’s zones of referred pain. Such difficulties arose because of gaps 
in our knowledge of the afferent pathways coneerned. The level at 
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which pain is felt in cardiae disease can now be made to indicate the 
level of entrance into the central nervous system of the visceral fibers 
concerned, and surgical treatment may be governed accordingly. 

It is reasonable to assume that the visceral fibers which are being suf- 
ficiently stimulated to cause pain reference to somatic areas are those 
arising from the area of most active cardiac derangement, which is con- 
sistent with the fact that pain reference, while not localized always in 
the same parts, is at least more or less localized in any one ease. There- 
fore it is recommended that the surgeon be guided by the information 
yielded from the study of pain reference levels to determine the most 
favorable site for first surgical intervention. The side for the operation 
is also to be determined on the basis of pain reference. In eases showing 
no radiation other than to the region beneath the sternum it is advisable 
to interrupt thoracic pathways, especially those traversing the stellate 
ganglion, where our histologic studies give evidence of the greatest 
aggregation of myelinated fibers of the size established for pain fibers. 
If after one procedure relief is not procured, further pain pathways 
must be severed. In subsequent procedures one can be guided by sim- 
ilar criteria as were utilized for the first. Unless good fortune aids us 
early surgery for the relief of cardiac pain becomes a progressive pur- 
suit. This point is well illustrated in a case reported by Penfield 
(1925).12 What is further needed for guidance is accurately coor- 
dinated information from clinical eases, on the level of referred pain 
as compared to the site of injury or derangement in the heart itself, 
to determine whether a constant relationship exists between the dis- 
tribution of pain endings in the heart and the distribution of pain fibers 
in their various pathways to the central nervous system. 


SUMMARY 


Pain fibers are myelinated and measure three to six microns in di- 
ameter. They have fast properties characteristic of somatie nerve 
fibers. : 

Pain fibers from the human heart and first portion of the aorta are 
found in all sympathetic nerve trunks supplying efferent fibers to these 
structures. These fibers enter the central nervous system via the fifth 
cranial nerve, via the rami communicantes, and by the dorsal roots of 
the eight cervical and upper six or seven thoracic spinal nerves. It is 
probable that pain fibers from the heart in small numbers also ascend 
in the vagus nerve trunk. 

The complete removal of the cervical sympathetic chain or the aleohol 
injection of nerve roots from the eighth cervical to the seventh thoracic 
levels will not in themselves eliminate all pain pathways. 

Referred pain when present is the best indicator of the site for first 
surgical attack. The histologic studies demonstrate that the largest 
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number of afferent fibers course through the stellate ganglion. This 
would indicate the advisability of first surgical intervention in the region 
of the eighth cervical to the third or fourth thoracic levels in cases with- 


out referred pain. 


[ wish to express my thanks to Dr. James O’Leary of the Department of 
Cytology for his cooperation in the preparation of the nerve sections. 
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Selected Abstracts 


Blalock, Alfred: Exposure of the Heart to Atmospheric Pressure. Ef- 
fects on the Cardiac Output and Blood Pressure. Arch. Surg. 26: 516, 
1933. 


The author reviews experimental studies by Beck and his associates 
on this subject and comments on the type of anesthesia used. Attention 
is called to the fact that they obtained a fall in arterial pressure, a rise 
in venous pressure, and a decrease in cardiae output of from 12 to 30 
per cent following the opening of the pericardium. However, when 
negative pressure was then applied to the pericardial cavity, the ear- 
diae output was increased only 14 per cent and did not return to the 
previous control level. 

The experiments of Beck and Isaac were repeated under altered con- 
ditions. The experiments were performed under morphine and local 
anesthesia. The pericardium was sutured to the anterior chest wall 
from two weeks to eleven weeks previous to the cardiac output and 
pressure determinations. Maximal and minimal pressures were record- 
ed and the cardiac output was determined by the principle. 

In two experiments the pericardium was opened two weeks subse- 
quent to its suture to the chest wall. Here there was a slight fall in 
arterial pressure and an initial small decline in eardiae output. How- 
ever, later the output returned to a level higher than before the peri- 
cardium was opened. The initial fall was thought to be due to a partial 
pneumothorax and in the remaining experiments the interval between 
the preliminary operation and the final studies was increased. In one 
instanee it was necessary to use sodium barbital to quiet the animal 
and the results obtained were in accord with those of Beck and Isaac. 
Of the remaining experiments, three revealed a considerable increase 
in cardiae output upon opening the pericardium, while two showed a 
small decrease. In most of the experiments the variation was thought 
to be within experimental error or normal variation of cardiae output. 
The pressures remained rather constant. 

The results obtained by Beck and his associates were thought to be 
explained by the type of anesthesia used and the presence of an asso- 
ciated pneumothorax. 
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Attention is called to the negative chamber devised by Sauerbruch for 
operations on the chest. Objections to its use are based on the fact that 
with it a constant negative pressure to all parts of the body below the 
chest is maintained whereas a large part of the beneficial effects of the 
negative pressure within the pleural and pericardial cavities are due 
to the fact that these pressures are constantly changing. 

Also, in view of the results of the above experiments, use of the Sauer- 


bruch negative pressure chamber is not indicated. 
W. E. Adams. 


Sampson, H. H.: Reconstructive Oesophagoplasty: With Notes of a 
Successful Case. Brit. J. Surg. 20: 447, 1933. 


A review of the history of this subject and the report of a successful 
ease are the basis for this study. 

The author emphasizes the need for a method of restoration of the 
upper part of the alimentary canal in eases of stricture of the esophagus 
due to nonmalignant etiology. Note is made that most reported cases 
of benign fibrous stricture have affected the thoracic portion of the 
esophagus. This is thought to be explained at least in part by the fact 
that the upper esophagus empties much more rapidly than the lower 
and thus the depth of burning by caustic fluids passing through it is 
less than in the lower portion. 

Brief mention of the several methods of reestablishing continuity be- 
tween pharynx and stomach is made and the most promising one is dis- 
cussed. This consisted of making a skin tube for the antesternal region 
to which the esophagus is connected at its upper limit. The lower end is 
connected to the stomach by means of a segment of upper jejunum. The 
author reports the following case using this method. 

A twenty-seven-year-old woman swallowed ammonia in May, 1927, in 
attempting to commit suicide. By September, 1927, she was unable to 
swallow liquids or solids. Several attempts at dilatation failed and from 
one of these a bronehoesophageal fistula developed. A gastrostomy was 
performed in October, 1927. Several attempts at dilatation in 1928 
failed. In February, 1929, the first stage of reconstruction was per- 
formed. This consisted of the fashioning of a subcutaneous skin tube 
reaching from the upper to the lower apertures of the thorax. It was 
performed by making parallel incisions 214” apart reaching from the 
suprasternal notch to below the ensiform cartilage. The edges were 
rolled over and united by interrupted silk sutures and reinforced with 
catgut. The- lateral edges were undermined (more on the right) and 
brought together over the tube. Healing by first intention occurred. 
The second stage was performed two weeks later. The upper end of the 
esophagus was anastomosed to the upper end of the skin tube around a 
catheter introduced from below through the skin tube. The lower end 
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of the esophagus was inverted. This procedure was carried out through 
a vertical incision extending upward and outward from the upper end 
of the skin tube. About two months following the first stage, the third 
stage was performed. Through a left pararectal incision a segment of 
jejunum 6” long was mobilized, brought up through the transverse 
mesocolon and anterior layer of great omentum. Its distal end was 
anastomosed to the anterior surface of the stomach and its approximal 
end to the lower end of the skin tube. Nine days following the opera- 
tion, leak at both suture lines (upper and lower end of skin tube) 
occurred on drinking water. The upper fistula was closed by July and 
the lower by December. The gastrostomy opening closed spontaneously. 
The new channel functioned satisfactorily at the time of this report. 
Illustrations of operative wound are shown as well as roentgenograms 
demonstrating the reconstructed esophagus functioning. 
W. E. Adams. 


Ephraim, Korol: Paradoxical Breathing, Arch. Int. Med. 51: 265, 
1933. 


Definition: Deflation of a portion or all of a lung during inspira- 
tion and inflation of it during expiration. 

Morphologie adaptations to air breathing during the evolution of 
the air breathing apparatus (1) a constriction (the glottis) appeared 
in the tube which narrowed during expiration and thus established 
residual air in the lungs; (2) in adult amphibians respiratory move- 
ments occur while the glottis and nares are closed producing re- 
breathing. Frogs breathe with (1) aspiration of the air into the 
mouth and pharynx, (2) expiration with the nares closed, during 
which act the glottis opens and the stale air in the lungs is mixed with 
the fresh air in the mouth, (3) this mixture is then injected into the 
lungs by contraction of the muscles of the mouth and pharynx. 

In the human being there are really no specialized muscles of respi- 
ration whose functions are purely respiratory. The diaphragm has a 
circulatory function only in the lower vertebrates. In man its fune- 
tion is more that of respiration. The muscles of the face, neck, chest 
wall, abdomen and even those of the spine and extremities may be 
used as respiratory muscles. 

In the human being there may be paradoxical breathing because 
(1) the distance through the bronchial tree is shorter from one lobe 
to another than is the distance from the lobe to the mouth. (2) There 
is an inspiratory center in the brain but no expiratory center; hence 
expiration is usually a passive act. During forced expiration air is 
driven from the more active to the less active portions of the lungs. 
(3) The different portions of the chest expand unequally, and during 
inspiration air is sucked into the more active portions of the lung 
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both from the inactive portions of the lungs and from the trachea. 
(4) The ribs produce inspiration only when they are elevated. Ex- 
tension of the spine or stretching of the arms will do this. If one lies 
on one side of the chest or extends one’s arms during the period when 
the glottis is closed, air is driven from the lower to the upper portions 
of the lungs. (5) Following thoracoplasties, if the chest wall is flac- 
cid there are true paradoxical respirations. During inspiration the 
flaccid chest wall is pulled in and the lung deflated; during expira- 
tion this deflated portion is filled with stale air from other more nor- 
mal portions of the lunes. 

In health there is normally a paradoxical breathing in the apical 
portions of the lungs and those portions of the lungs which le near 
the mediastinum. That portion of the lungs which lies in the lower 
half of the chest and near the diaphragm is more active in respiration 
than is the apex. 

Infectious material may be moved from one portion of the lung to 
another by paradoxical breathing. 


Kramer, L. I., and Lawson, H. A.: The Incidence of Tuberculosis in 
Diabetes. Ann. Int. Med. 6: 1426, 1933. 


The question of whether pulmonary tuberculosis is more frequent 
and more severe in diabetics is dealt with. Fom three sources a to- 
tal of 5,500 patients is collected. Of these 1.8 per cent had pulmo- 
nary tuberculosis. An additional 500 cases of active diabetes form 
the basis of the present study. X-ray studies were made in 408 of 
these cases, and 5, or 1.25 per cent, were found to have pulmonary 
tuberculosis. In one of these 5 cases the prognosis was considered 
unfavorable, in the remaining four the prognosis was good. 

They conclude that pulmonary tuberculosis is not more frequent in 
patients with diabetes than in nondiabetics nor is the course more 


unfavorable. 
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The sixteenth annual meeting of the American Association for Thoracie Surgery 
was held at Washington, D. C., on May 9, 10 and 11. The program was unusually 
full and varied in its scope. The various phases of surgery of the thorax were 
covered from the viewpoint of both the clinician and the experimental laboratory. 
The results of the surgical procedures used in the treatment of pulmonary tuber- 
culosis were rather extensively dealt with. Papers dealing with bronchiectasis, 
surgery of the heart, empyema and various physiologic problems were given. These 
papers will appear in the JoURNAL or THORACIC SURGERY. 


The following officers were elected for 1934: 


President...252522 52525402 Dr. George J. Heuer.....-.— New York City. 
Vice President...__....~--. Dr. John Alexander___-_----- Ann Arbor, Mich. 
WECEOCHEY. 22h eS Dr; Dott 8. Allien—_.-.-=5.— St. Louis, Mo. 
WECHRUVOE. 2 n eeu Ae Dr. Edward D. Churechill_--- Boston, Mass. 
1G 1. C5 See ae a ee Dr. Evarts A. Graham_-_---- St. Louis, Mo. 


The following were advanced from associate to active membership: 


Dd ed OO ee ee Charlottesville, Va. 
Dr: Aléred “Bialoek. 2... 2-22-25 2S Nashville, Tenn. 
De. Peter Hemugerers .o525255..-2522 5-5 St. Louis, Mo. 

Dre We Ae nddotts 23 See Detroit, Mich. 

De. Hichmond b...Moore.......-....-=...-1 Asheville, N. C. 
Dr. LeRoy 8. Peters..__....____...._..-_...Albuquerque, N. M. 
De: David. Sinitle 2532s so 3 Durham, N. C. 

Dr. Owen H. Wangensteen____------------ Minneapolis, Minn. 


531 








THE JOURNAL OF THORACIC SURGERY 


The following were elected to associate membership: 


Dr. Wallkim: “Adamss-25252.255-252.2-.=4 Chicago, Ill. 

Dr; Clyde" Allens oa ce ce cece ete Detroit, Mich. 
DY.) 7B AN ersON: oo See cee New York City 
Dr. eMiaer morenallon oe eS Portland, Oregon 
Dr Mipnrice Miser. =~ 5.62 oka Rochester, N. Y. 
Dre Waellpce Mrank=. 22 <i e=- 22 k=2252e8 Louisville, Ky. 

Dr Cameron (WHaignt. 2.3. = eee Ann Arbor, Mich. 
Dr; George FF Merhon..- == 2----===5 ---Loomis, N. Y. 
Dr. Chevalier Jackson, Jr.._.--.-------.=- Philadelphia, Pa. 
Dr wWontere Murray S-- oos  e e See Brooklyn, N. Y. 
DE, SW ANGE Ng ns San Antonio, Texas 
Dr; George “Ormstem.=-.- =~ --=.-..22s— New York, N. Y. 
Dr. -Jobn Powerss = <3 ee eee Boston, Mass. 

Dr, WheowRigler. 2-2-2 eee seo eee Minneapolis, Minn. 
De; Willard’ Van Hazel... 2222222223252 Chicago, Ill. 
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